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INTRODUCTION

Studies under this funded activity are focused on characterizing the role of the PIM1 gene in
acquired resistance to chemotherapy drugs, by prostate cancer cells. The proposal included
three specific aims: 1) to define a novel signal transduction pathway activated by docetaxel, 2)
to characterize the mechanism through which PIM1 activates and regulates NFkB signaling, and
3) to explore genetic and pharmacologic means of inhibiting PIM1 activity or expression to
enhance the sensitivity of prostate cancer cells to docetaxel and other chemotherapy drugs.

During the 02 year (October 1, 2006 through 9/30/2007) progress has been limited due the
move of Dr. Lilly’s laboratory from Loma Linda University to the University of California, Irvine.
The Loma Linda laboratory was substantially shut down at the end of October, 2006. From that
period until July, 2007 the grant was “in hiatus” as the two institutions negotiated an agreement
through which the grant would remain at LLU, but all work would be performed by Dr. Lilly via a
subcontract to UCI. A UCI account was finally established by the end of July, 2007 and the
process of hiring new staff began. Nevertheless some progress has been made. Two papers
have been published in well-known journals, describing the activity of our prototype PIM1 kinase
inhibitor. In addition a third manuscript has been submitted to the Journal of Biological
Chemistry.

BODY
We will outline our progress through reference to the specific aims described above. The first
specific aim (specific aim #1)was to outline a
RWPE-2 signal transduction pathway activated by
docetaxel and involving upregulation of PIM1
PIM1 expression. This pathway has been
substantially defined. Using RWPE2 prostate
cells, we noted that docetaxel treatment rapidly
leads to an increase in expression of the PIM1
— pPpSTAT3 | serine/threonine kinase. Expression becomes
apparent at 3hrs after drug addition, peaks at 9-
12hrs, and returns to baseline by 24hrs (Fig. 1).
This increase in expression is accompanied by
an increase in pim-1 mRNA, as shown by real
time-PCR analysis (Fig. 2). Thus the effects of
docetaxel are primarily transcriptional or post-
— — === BACTIN | transcriptional.

STAT3

We next wanted to define mechanisms through
0 3 6 9 12 24 hrRx which pim-1 could be transcriptionally
Fig. 1. Time course of PIM1, pSTAT3 upregulated. Transcription of pim-1 is known to
expression be activated by STAT transcription factors and
by NFkB transcription factors. We examined
the time course of STAT3 activation after docetaxel treatment (Fig. 1), and noted that it
paralleled the course of pim-1 expression. We therefore suspected that docetaxel increased
pim-1 expression in a STAT3-dependent manner. This was directly demonstrated by use of
decoy oligonucleotides (Fig. 2). Double-stranded DNA oligonucleotides matching a known
STAT3 binding site blocked the drug-induced upregulation of pim-1 expression, while a decoy
based on a mutated (non-binding) STAT3 site did not. These data therefore establish a linear
relationship among the following events: docetaxel treatment-> STAT3 activation> pim-1
expression.
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Fig. 2. STAT3 decoy oligonucleotide blocks
pim1 increase after docetaxel treatment
Oligo M WT M WT
Tax 0 + 0 +
— D w——- = PIM1
———— ~ == pStat3
Total
Stat3

We hypothesized that NFkB transcriptional
activation would be a downstream event in this
signal transduction pathway, because many
chemotherapy drugs and other stressors are
known to activate NFkB. We engineered
RWPE2 cells to constitutively express a NFkB-
dependent promoter/luciferase plasmid, and
found that docetaxel treatment increased NFkB
transcriptional activity. We then transiently
infected these cells with a pim-1-encoding
retrovirus. Pim-1 expression also consistently
increased NFkB transcriptional activity. To

determine if the drug-induced increase in NFkB

activity occurred in a pim-1-dependent manner, we then infected the reporter cell line with a
retrovirus encoding a dominant-negative form of pim-1, pimNT81. The dominant negative pim-1
cDNA completely blocked the drug-induced upregulation of NFkB activity, demonstrating that

pim-1 expression is a necessary upstream step in
the drug-induced activation of NFkB (Fig. 3). In
establish a signal
triggered by docetaxel

aggregate these studies
transduction pathway

Fig.3. Dominant negative PIM1 (NT81)
blocks docetaxel-induced activation of
NFkB transcriptional activity

treatment of RWPE2 prostate cancer cells.

To determine if this pathway modified drug toxicity,
we examined the effects of enforced expression of
wild-type or NT81 pim-1 cDNAs of docetaxel cell
kill (Fig. 4). Docetaxel produced dose-dependent
cell kill in RWPEL, 2 cells. Enforced expression of
wild-type pim-1 cDNA markedly reduced cell death.
In contrast, expression of the dominant negative
NT81 cDNA enhanced cell death after docetaxel
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These data demonstrate that pim-1
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described above is a legitimate target for pharmacologic intervention. These data have been
submitted to the Journal of Biological Chemistry (see manuscript in appendix).

Fig. 4. Modulation of docetaxel cell kill by
enforced expression of pim-1 cDNAs.
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The goal of specific aim #2 was to define
pathways through which the PIM1 kinase could
activate NFkB transcriptional activity. We had
hypothesized that PIM1 would phosphorylate the
NFKB1/p105 precursor protein on serine-937,
leading to proteolytic cleavage of the protein with
release of active p50 protein as well as other
sequestered NFkB components and the TPL2
kinase. In the previous reporting period we
demonstrated that PIM1 can phosphorylate the
pl05 NFKB1 precursor on serine 937, a novel
phosphorylation site. In addition we prepared a
polyclonal antibody specific for this phosphorylation
site. During the early part of this reporting period a



Michael B. Lilly, MD
W81XWH-04-1-0887

number of studies were undertaken to characterize the expression  of
phosphoNFKB1/p105(S937), using our phosphospecific antibody. An initial study used mutant
(S937D) pl05 CcDNAs to
mimick the effect of
phosphorylation. These
“phosphomimic” proteins
enhanced NFkB transcriptional
activity whereas the
corresponding S937A mutant
inhibits activity, compared to
the wild type NFKB1 protein
(Fig.5). In this experiment,
HelLa cells were transfected
with a luciferase reporter gene
under the control of a synthetic
consensus NFkB binding site,
plus WT or mutant p105
cDNAs. Bars indicate the
firefly luciferase activity of the
transfectants, normalized to
Control WTpl05 S937A  S937D  delta 800 that of a Renilla luciferase
transfection control plasmid.
These data indicate that if
PIM1 phosphorylates S937 in vivo, it likely would enhance overall NFKB transcriptional activity.

Fig. 5. NFkB transcriptional activity of p105 mutants, WT
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The third specific aim (specific aim #3) proposed to use small molecule inhibitors of the PIM1
kinase as molecular probes to determine their effect on docetaxel sensitivity. A report
describing one such molecule, the flavonol quercetagetin, was published as the cover article in
the January, 2007 issue of Molecular Cancer Therapeutics (1; see appendix A). We have
demonstrated that quercetagetin in a moderately potent (ICso = 340nM, specific, and cell-
permeable inhibitor of PIM1 activity in prostate cancer cells. Key data include the
demonstration that quercetagetin in competitive with ATP. A crystal structure of PIM1 in
complex with quercetagetin, or with three other flavonoids, has been determined. We have also
shown that quercetagetin is able to inhibit the activity of the PIM1 kinase in prostate cancer cells
at an ICs of about 5.5uM. Interestingly the activity of the AKT kinase is not inhibited at all under
these conditions. A companion article, presenting a pharmacophore analysis of flavonoid
inhibitors of PIM1, has also been published recently (2; see appendix B). We have recently
obtained, and begun characterizing, novel small molecule inhibitors of PIM1 from Exelixis
Corporation and from Dr. Andrew Kraft (Hollings Cancer Center). These molecules show
additive, or at some concentrations synergistic, cell growth inhibition in that PIM1 kinase acts to
inhibit cell death caused by the cytotoxic drug docetaxel, and that blocking the activity of PIM
can potentiate cell kill and overcome cytotoxic drug resistance.

KEY RESEARCH ACCOMPLISHMENTS THROUGH OCTOBER 31, 2007
o Definition of a novel survival pathway activated by docetaxel treatment, and involving
seqguential activation or expression of STAT3, PIM1, and NFKB components.
e A manuscript describing the above pathway has been submitted to Journal of Biological
Chemistry, and is currently under revision.
o Identification of serine-937 as the major phosphorylation site for PIM1 on the
p105/NFKB1 precursor protein
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e |dentication of quercetagetin as a moderately potent and specific, cell-permeable PIM1
kinase inhibitor

e Demonstration that XL-1075 and XL-1154 can show additive or synergistic cell kill in
prostate cancer cells treated with docetaxel
Abstract presented at the annual AACR meeting, Washington DC, April, 2006

o Paper describing the activity of quercetagetin as a PIM1 kinase inhibitor, published in
January, 2007 issue of Molecular Cancer Therapeutics (cover article)

e Paper describing pharmacophore analysis of flavonoid inhibitors of PIM1, published in
March, 2007 issue of Bioorganic and Medicinal Chemistry

REPORTABLE OUTCOMES
Manuscripts Published

Holder SL, Zemskova M, Bremner R, Neidigh J, Lilly MB: Identification of specific, cell-
permeable small molecule inhibitor of the PIM1 kinase. Mol Cancer Therapeutics 6:163-72
(2007).

Holder SL, Lilly MB, Brown ML: Comparative Molecular Field Analysis of Flavonoid Inhibitors
of the PIM-1 Kinase. Bioorg Med Chem (in press, 2007)

Manuscript Under Review

CONCLUSIONS

Our data demonstrate that PIM1 is a critical component of a survival/stress pathway activated
by docetaxel treatment of prostate cancer cells. This pathway leads to activation of NFkB-
dependent transcription, possibly by phosphorylation of pl05/NFKB1 by PIM1 at serine-937.
Targeting PIM1 kinase activity with quercetagetin, or other PIM1 kinase inhibitors, leads to
additive or synergistic cell kill following docetaxel treatment.

REFERENCES

1. Holder SL, Zemskova M, Bremner R, Neidigh J, Lilly MB: Identification of specific, cell-
permeable small molecule inhibitor of the PIM1 kinase. Mol Cancer Therapeutics Mol Cancer
Ther. 6:163-72 (2007).

2. Holder SL, Lilly MB, Brown ML: Comparative Molecular Field Analysis of Flavonoid
Inhibitors of the PIM-1 Kinase. Bioorg Med Chem (in press, 2007)

APPENDIX
Research data are presented throughout the body of this report.
The appendix contains four items:

Manuscript : Holder, et al., “Characterization . . . kinase.” MCT
Manuscript: Holder, et al., “Comparative . . . kinase.” BMC
Manuscript: Zemskova, et al., “The PIM . . . cells.” JBC
Curriculum vitae for Michael Lilly, MD
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Characterization of a potent and selective small-molecule

inhibitor of the PIM1 kinase

Sheldon Holder,"™* Maring Zemskova,?
Chao Zhang," M aryam Tabrizizad,*
Ryan Bremer,® Jonathan W. Neidigh,®
and Michael B. Lilly"*?

TCamer for Molecular Eology and Gene Therapy, Departments
of *Bochemistry and Micrabiology and “Medicine, Loma Linda
University School of Medcine, Lama Linda, Calif arnia; and
*Pleaxikan, Ino., Berkeley, Calfornia

Abstract

The pim-7 kinese & & true oncogene that has been
implicated in the development of leukemlas, lymphomas,
and prostate cancer, and is the target of drug development
programs. We have used experimentsl approaches to
identify a selective, cellpermesble, smeall-molecule inhib-
ftor of the pim-1 kingse to foster basic and translatonal
astudies of the enzyme. We used an ELIS A-besed kinase
sagay to screen & diversity lbrary of potential kinese
inhibitors. The flavonol gquercetagetin (3,3.4°,5,6,7-
by droxyflavonel was ldentiflied as &8 moderately potent,
ATP-competitive inhibitor (1Cso, 0.34 pumol’L). Resolution
of the crystel structure of PIM1 in complex with
guercetagetinor two other lavonolds revealed a spectum
aof binding poses and by drogen-bonding patterns in aplte of
atrong similarity of the ligands. Quercetagetin was & highly
aselective lnhibltor of PIM1 compared with PIM2 and aswven
other serdne-threoning kingses. Quercetagetin wes able to
inhibit PINT scthvity In intact RWPE2 prostate cancer cells
in & dose-dependent manner [EDggy, 5.5 pmoliL). RWPE2
cells trested with guercetagetin showed pronounced
growth inhibition st inhibltor concentrations that blocked
MM1 kinese activity. Furthermore, the ability of querce-
tagetin to inhibit the growth of other prostate eplihelisl cell
lines warled In proportion to thelr levels of PIMT protein.
Quercetagetin can function &8 & moderately potent and
selective, cell-perme able inhibltor of the pim-1 kinsse, and
miay be useful for proof-of-concept studles to support the
development of clinfcally wseful PIMT inhibitors. [Mol
Cancer Ther 2007:611}:163-72]
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Introduction

The pim family of serine-threonine kinases & composad of
thiee highly homologous genes, pm-1, pim-2, and pire-d.
These enegymes are increasingly being recognized as
impartant mediators of survival signals in cancers, stress
responses, and reural development (1-g) In addition,
these kinases are corstitutively expressed in some lumaors
and function as true oncogenes. Thus, they are of
significant inleresl a5 largels for therapeulic inlervention.

Small-maolecule inhibitors are important molecular
probes for studying protein kinazes. In addition, they
may serve as prolype thempeutic agenls for trealing
diseases resulling from unregulated kinase aclivity. Three
prior reports have shown that known, promiscuous kinase
inhibilors can inhibil PIM ] funclion &g pifro. Jacobs el al. {7)
showed that sewveral c.laumzap-:-rme and btamdo‘.-'l mmalei-
mide analogues, as well as the nmrp]m]lno—aubﬂllluled
chromone LY294002, were able to inhibit FIMI activity
in pilro. Subsequently, Fabian et al. (8) presented an
interacion map involving 113 kinases and 20 small-
malecule kinase inhibitors now under elinical study. Only
three inhibitors had detectable binding to {and presumally
inhibitory aclivity agairst) FIMl—lwo staurosporine
analogues and Tavopindol, a Davonold undergoing eval-
uation as an inhibitor of eyelin-dependent kinases. A recent
repart (9] confimmed the activity of bisindoylmaleimide
derivatives as well as some lavonoids in e, All of the
identilied inhibitors either lacked specificity for FIML or
wWara onh.-' m-:'.-def.lh.-' active al low micromalar eoncanl m@-
licirs, or bath. Furﬂﬁer::mha, nane of these eports showed
that the test agents could selectively inhibit FIM activity in
intact cells.

To further our basic and trarelational studies of the pam
kinases, we have soughl to identify small-maolecule
inhibitors of FIMI. We here report that the Ravornal
guercalagelin is a seleetive FIML inhibitor with nancmolar
potency and can differentially inhibit the kinass in cell-
based assays.

Materials and Methods

Cell Lines and Culture Methods

The prestate epithelial cell lines EWFEL, EWFEZ, LMCaF,
and PO were oblained from the American Type Cullure
Collection (Manassas, VaA) and cullured in the recommen-
ded medium. We produced additional pools of EWPEZ
prostate cells thal overscpressed pm-1 through retimviral
transduction. The coding region for the human pire-1 gene
was eloned into the pLNCY retrovical vector {Clontech,
Mountain View, CA) Infectious vimses were produced in
the GF-29 packaging cell line by coltransfection with
retroviral backbore phamids (pLNCY o pLROX pin-T)
and with p¥Wa¥-G, a plasmid that expresses the envelope

Ml Cancer Ther 20008(1) January 2007
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glyeoprotein from vesicular stomalitis vims, Forly-eight
hours after trarsfection, the medium was collectad and the
virus particlss were concentrated as described in the
manufacturer’s pmlom] (Clontach)l, EWPE2 cells were
plated at 1 = 10F per &l-mm p]ale & ko 18 h before
infection. Cells were infected with 5 = 10% viral particles in
tha presance of ﬂ.pg,-"ml.p-:ﬂ:.-'brere. After &h ol incubation,
the wirus-conlaining medium was replaced with fresh
medium, and on the next day G418 (@00 pg/ml) was
added 1o select infected cells. After 10 days of selection,
stable cell pools were established and FIMI expreszion was
verified by immvinoblolting.

For growth-inhibition experiments, cells were plated anto
2d-well plles and fixed with formaldehyde al intervalk.
Cell number was quantified by crystal violel staining {100

Recombinant pim Kinases and Kinase Assays

We prepared recombinant PIM1 and FIM2 az glutathions
S-transfemse {G5T) sions in Escherdchin coli, as describad
(11} Far the inhibitor sereening assays, a solid-phase kinase
assay was developed based onour demonstmtion IJ1.aLP1'h-TI
i= a potent kimasa for p]amp]mﬂﬂalmg BAD on Sert®
(11, 12} Mirety-six-well fal-boblomed plales were coated
overnight at 4°C with recombinant GST-BAD [1 pg/well in
HEFES buffer 138 mmaol/L Mall, 28 mmol/TL KCL and
20 mmal/L HEPES (pH 75)]. The plales were then blocked
for 1 hoat room lemperature with 10 ug/ml bovine serum
albumin in HEFES bulffer. The blocking solution was then
removed and 5 pl of each inhibitor, diesolved in 500
M5S0, were added 1o each well Then, 100 pl. of kinass
buffar |20 mmaol /T MOPS []JH 7, 125 manol /L Mgi:]g,
1 mmol /L MnCls, 1 mmol/L EGTA, 150 mmol/L
Mall 10 pmol/L ATP, 1 monel /L DTT, and 5 ool /T
frglycerophosphate] containing 25 ng recombinant (5T-
PIMI kinase were added to each well. The final concentra-
tion of each inhibitor was —10 pmal /L. The plate was
placed on a gel slab dryer prewarmed to 30°C, and the
kinase reaction was allowed o procesd. The reaclion was
stopped after 80 min by removal of the reaction bulffer,
followed by the addition of 1N Wl of HEPES bulfer
cantaining 20 mmal /L EDTA 1o each well. Fhosphorylated
CET-BAD was detected by an ELISA reaction, using as first
antibody a monoclonal anti—phosphe-BAD{S11Z antibody
(Cell Sigraling, Danvers, MA), a secondary goal anbi-mouse
IgG-pemxidaze conugaled antibody {Flerce, Rockiord, IL),
and Turbo-TMB pemxddase substrale {Plerce). The level of
phosphorylated GET-BAD present was proportional to the
absorbance at 450 nm.

For quantitative and kinetic studies of inhibitors against
various BATHS112) kirases, a solution phase assay was
used. A biotinylated peptide based on the FIM1 phesphar-
ylation site of human BAD was synthesized [GGAGA-
E’FTEERH‘-':.S‘&"PM"I’F} and used as the assay substrate.
Feeombinant GST-FIMI (25 ng freaction) was preincubated
with various concentrations of inhibitors in the previous
kinase buffer (final volume 10 pl). The reaction procesded
by addition of substrale peptide, followed by incubation for
Smin in a 30°C water bath. The reaction was terminated by
trarslerring, the mixture 1o a steplavidin-coated 96 well

plate (Fierce) containing 100 pL/ well of 40 munol /L EDTA.
The biotinylated peplide substrate was allowed to bind to
the plate at room temperature for 100 min. The level of
phosphorylation was then determined by ELISA as
described above. Curve Filting and enzyme analyses were
dore using GraphPad Prism version 400 for Windows
fli"rap]ﬁ?ad Software, San Dleg-::l CA). For the additional
BATHS112) kinases [PIM2, FSE2 (rbosomal 56 kinase 2,
and FEA (eyelic AMP-dependent prolein kinase)]. reac-
tion comporents were as deseribed above. As with the
PIn 1 ASEAYE, AN ATP concentration of 10 prmaol /Towas wsed.
Funthermaore, with each kinase, linear eachion velocilies for
the duralion of the reaclion were confirmed {(dala nol
show ).

Tofurther assess the specificily of quercelagelin as aFIMI
inhibitor, ils aclivily against a parel of serine-threonine
kinases was also studied through a commercial kinase
inhibitor profiling service (KinaseProfiler; Upstale Biotech-
nology, Charlotesville, VAL All KinaseProfiler assays were
conducted u:=.ing 10wl /T ATP eoncentralions.

Small-Molecule Library Screeing

We ablained a library of 1200 compounds that had
structural affinity to known kirase inhibitors (TimTee, Ine.,
Mewark, DE). The entire library was sereened ance with
our solid-phase ELISA kinase assay, with each compound
at =10 pmol /Lo eoncentration. Posilive hils wers rescreenead
at the same concentration. Compounds that had reprodue-
ible activity at 10 wmol /L were then screened at a range of
concentrations from U001 o 300 pmol/L. Additional
Mlavonoids were purchased from Indofine Chemicals
(Hillsbomouigh, W) and were tested ina similar protocal.

Measurement of PIM1 Kinase Activity in Cells

EWFEL cell poals, stably infected with emply retrovirus
or pon-1 mmdmg retrovirus, were seeded in six-well
plates at 5 = 107 cells per well. After 18 h, the nommal
supplemented kemtinocyte medium was removed and
replaced with supplmeni-free kemtinocyte medium. Celk
were then incubated for an additional 20 h. Cuercelagetin,
or an equivalent volume of DMS0, was added to the celk
3 h befare the end of the starvation pedod. At the conclu-
sion of the starvation period, the cells were washed twice
with FBS and subsequently lysed in a denaluring buffer
with protease, phosphatase inhibitors. The lysales were
normalized h1.-' latal pmlem conbent (BCA pmleu'l assay,
Plerce), then analyzed by immunoblolling with the
following antibodies: monoclonal anti-FIMIL {Santa Cruz
Bialew:]ma]ogies, Santa Cruz, CAY monoclonal anti—p-aclin
(Sigma, S Louis, MO) monoclonal anbi-BAD (Transdue-
tion Laboratories, Franklin Lakes, W] and monoclonal
anti —phospho-BADNS112), polyclonal anti-phospho-
AKTSA73), and anti-AKT {all fram Cell Signaling ).

Cloning, Expression Purification, and Crystallization
of PIN

The production, purfication, and characlerization of re-
combinant éHis-tagged PIMI proteins for crystallography
have been described previowly (13). To oblain cocryslak
of c-::-mp]exea of the pmlein with ligand:a, e meein
solulion was initially mixed with the compound {dissolved

Mol Cancer Ther 2007:6(1). January 2007
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in DM at a final compound concentration of 1 mmal /T
and then sat up for crystallization. The prolein was
crystallized by a sitting-drop, vapor-diffusion experiment
in which equal volumes of protein (10-15 mg/mL
concentralion) and reservolr solution [0L4-059 mol /L
spdium acetate, 0.1 mol /L imidazole (pH 6.5)] were mixed
and allowed 1o equilibmate agairsl the reservairal 4°C. The
crystals mutinely grew 1o a size of 200 200 = 8N pm in
~2 to 3 days.

Structure Determination

X-ray diffraction data were collected at Advanced Light
Source (Bedkeley, CA) All datawere processed and reduced
with MOSFLM and sealed with SCATLA of the CCP4 suile of
programs using the software ELVES. The space group of all
crystals was determined to be Pag, with the cell axes being
approximately 99, 99, and 80, and one protein monomer
being present in the asyvmmetrical unit. All structures were
determined by molecular replacemeant using the apo FIMI
structure (1YWWV; rel. 13) as a model, and refined by CMNX
and KEFMACS. fﬂﬁuﬂngrap]uc statistics are repaorted in
Supplementary Table 517 The coordinates and structure
factors for the structures havebeen deposited with the RCSB
Protein Data Bank {accesaion eodes 20063, 20684, 2065)

Results

Screening of a Chemical Library with Structural
Affinity to Known Kinese Inhibitors

As an inital approach to the identification of PIMI
irhibitors, we screened a library of small molecules whese
atructures were similar to those of known kinase inhibitors.
OF the seven compounds that had eproducible inhibitosy
activity at 10 pmol/L, six were flavonoids [quercetin,
luteslin, kaemplenl, -hydrocylavane, (535, 7-dihydroscy-
B-{F-methylbut-2-ereflavanone, and (K5 =dihydroxy la-
vanone]. These compounds exhibited a range of inhibitory
polencies {as I0s) from 1.0 to &) pmol /L. Thirlyseven
other flavonoids failed to show detectable inhibitory
activity at 10 pmol /L. Thess inactive compounds were
chamelerized in moest cases by bulky (charged or un-
charged) groups atthe 3, ¥4 or? 7 positions; lack of at least
two hydmogen bond donoes on the A or C dngs; pressnce of
glyeoside linkages; or failure of all rings to adopt a planar
con formation.

The mest active compound in the chemical library was
the Aavonol quercetin (1T, L1 pmal /L), a known inhibitor
of kirases and many other enzymes {14-19). Furthermore,
six of the seven compounds with reproducible activity at
10 pmol /Towere Havonoids. Hence, we sereened additional
flavonoids o identify moleculss with inhibitory activity
agairst the FIMI kinase {Fig. 11. The most active maolecule
was the Navonaol guercelagelin {TCzq, 034 pwmol/ /L) The four
flavonoids with the highest inhibitory aclivity were
chamcterized by the presence of five o six -0OH groups

fGupplementary dat for this arscle e avadable o Molacalas Cancer
Therapeutcs Online g, Ymcaacjourmalaong /).
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distributed between the A and B rings. In comparion, the
hydroocyl groups on the B ring seemed o be more critical
for the activity of the compounds than those on the A ring,
as eompournds with anunsubstituted B ding showed greatly
reduced activity. Finally, a hydmphobic substituent at the
& position was tolemabed.

Quercetagetin ls a Selective, Potent Inhibitor of PIRMT
In vitro

To assess the seleclivity of quercetagetin for PIML, we
determined its I, value loward the allemative BATYS112)
kinazes FSEZ PEA, and PIM2 (Tabl 1. The [T, of
quercetagetin for FIMI kinase was (034 pmol/L, whereas
the corresponding values for the other kinases were 9- (o
Fl-fold higher.

To further characlerize the specificily of quercetagetin, ils
inhibitory achivily was examined at 1 ar 10 pmal /L agairst
additional serire-threonine kinasss (e-Jun-MHa-kinass 1,
FEA, Aurcra-A, c-FAF, and FEC8; Fig. 2. Al the lower
concentration, the selectvity of quercetagetin was most
apparent. In the presence of | pmol/L inhibitorn FINM
activity was inhibited by 92%. In conlrast, the activity of the
ather kimases was inhibited by anly 0% to 41%. In
aggregate, these studies established that quercetagetin
was a severalfold more polent inhibitor for pim-1 kinase
than for seven other serine-threonine kinases. In addition,
quercetagetin was completely inaclive against the call
tyrosine kinase when tested at the 200 pmol /L concent m-
tion (data not shoan

Crystallographic Analysis of Quercetagetin in Com-
plex with PIRT

Recently, several erystal structures of the FIMI kinase
have besn solved and presented, including apo forms and
the enzyme in complex with a variety of ligands {7, 9 13,
20, 21). Because the PIMI protein has several unigue
structural features around its ATP-binding pocket, includ-
ing the lack of the canonical hydrogen bond donor from the
hinge region typically used by kinases to bind ATF-like
ligands, we determined the crystal structure for the kinase
in complex with three Ravonoid inhibitos: quercstagetin,
myricetin, and 573 4”5 pentahydroxyflavone (Fig. 3.

The three Ravonoid inhibitos show two distinet binding
poses, denoled here as orientations [ and TI, respectively.
Cluercetagetin, the compound with two hydroxyl groups
on the B ring, adopts orlentation [, whareas the m::\pam'di.
with a trisubstituted B sdng (myricetin and 57345
pentahydroxy lavone) adopt odentation IL

The binding pose of quercetagetin in FIML (Fig. 3A)
closaly pesembles that of quercetin in phosphatidylinositol
F-kimase 4 (1EAW; rel. 22) and that of fiselin in CDE&
{02 ref. 23, designated here as orlentation [ As saen in
the two earlier structures (Fig. 30 and E), the 3-0H of the
quercetagetin (Fig. 3A) makes a canonical hydrogen bond
with backbaore catbony] cocy gen of the hinge residue Glut
In addition, the B ring of quercetagetin binds deep inside
the PIM1 ATP-binding pocket, with the 4-hydroy] group
hydrogen-bonded to the side c]aalni of btwo highly
conserved residues, Iﬁ""’ and Glu™. However, significant
differences were also obssrved between the current
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structure and the bwo reported structures. In both TERW and
1302, the d-keto group of the chromenome core of the
compoind formed a ]wdmgm bond with the same hings
amide nitrogen [Val™ in phesphatidylinosito] 3-kinase 5
{Fig. 300 and Val™ in CDES {Fig. 3E)]. However, there is no
direct interaction between the d-keto group of quercetagetin
and the amide nitrogen of the corresponding residue Pro!™
in FIMI because proline is incapable of acting as a hydro-
gen bond donor. Instead, the d-keto group of quemelagelm
makes close contact with the backbone Ce of .-Mg *34 A
It is not clear whether this interaction makes a posilive
coritributicon 1o the binding of quenetagetin to PIM L

The B ring of quemelagelin binds deep inside the FIMI
AT'P—bmdmg pocke{ The 4 -]1:.-\dm:1.-'1 %mup formsa ]'q.-'dm-
gen bonds with both Lys™ and Glu™, two of the most
conserved residues in kinases. As has been noled,
satisfying the hydrogen bonding requirements at this
region is ore of the delermining features of binding of
commpotinds to PIMI {13)

When compared with quercetagetin, the chomenone
core of myricetin (Fig. 3B) and 5,7.3°4" 5 -pentahydrocy fa-
vore (Fig. 30) has Mlipped 180° in PIMI such that the B ring
iz now oriented towand the entrance of the ATF pockel A
possible explanation for adopting this orientation is that the
interior of the ATF pocket cannol accommaodate the B ring

i
5

with three hydroscy]l substitutions. Although they bind in
lhe =ame orientation, there are impc-rlanl dilferences
between the binding poses of the two compounds, which
can be abiributed to the preserce or absence of the 3-
hydroyl group. The 3-hydroey] group in myricetin still
makes a hydrogen bond with the carbonyl oxygen of
Glu', despite the difference in binding orientation.
Because of the adjacent 4keto group, the 3-hydroxyl &
likely to be moest acidic of all the hydroxyl groups in the
compound, and, as a resull, it dictales the overall pesi
tioning of the compound. Another interaction thal may
contribite o the observed binding pese is a hydrogen
bond between the 3-hydroxy]l group of myricetin and the
carbonyl cooygen of Prot®? (Fig. 3B). The importance of the
"l—]wdmw] group is evident. The second compound,
5,7,3.4'5- pentahydroxy lavone, lacking such a group,
makes no direct interaction with the hinge region.

Quercetagetin Inhibits PING Kinase Activity in Intact
Cells

To determine if quercetagetin could act as a cell-
penneable FIM] irhibitor, we examined the a-:livil:.-' of
the lavonol in BWPEL prostate cancer eells. We iludied the
phespharylation of endogencus BAD on Ser'™, under
conditiors of gowth faclor starvation, as an indicator of
intracellular PIMI1 activity (Fig. 4).

+
|5 s, Tadiyiraeyllavanonn

5 s, T gyt
:r;dbum,:remwﬂu [Fejm§, Fuck by rocyllavarone
Flavanoid 3 5 g ¥ B z ¥ & - & 1Cg (M)
oueelagedn o aH  OH OH H H oH OH H H 0.5
[t ] oH H H oH OH H OH oH H H A3
=t 1 O
pritahydnedd Beaing ] QH H oH k H OH OH ] 4 0455
myncetn OH aH H 2 & H L] OH H H 0.fa
LETTH oH H H oH K H OH oH H H 0AS
DG H aH H o H H H OH H H 094
3.7 A drihydegayd g e oH H H oH [ H H oH H H [l
guarcalin OH aH H oH k H OH OH H H 1.1
kasmplanal OH  QH H oH H H H oH H H 13
Jutac]in H - | o k H o OH H al 15
mafin oH  OH H oH H aH A OH H H 27
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362 Adetrabydronyflaeons OH H OH H [ aH H GH H H ]
{5 m55, Tmch bty e
mithylbuted=zno flavanone son ilusiration above 125
T-hydrexdlavene H H H o+ H H H H H 14 Figl.ll\ﬂ 1.  demtticatan of flawonalds
& Fatlhypdoxyd vone I [all o i I H ‘l H I | 15 wih B nhintory sctbety. Smac
T8 A drihyaroxy lavone H H H oH OH H H oH H H 2z tures ot el studied favonads wiah
(R, Fediyeromyflavanone see ilustraton above [ale] detectanles FBA1 inholory sotvity,
{55, T~ ramyflavanana ani ilualiason ahiva 107 grven et 1 10 s valles.
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Table 1. Quercetagetin is a ssloctive inhibitor of the FIM1 kinase
over other BADIS 112 kinases

Kinase Ko (pmol/L) Log I (pmol/ L) SE of kg 10, 2
FIx1 054 .46 oz 093
FIMz 345 055 02z 094
FPEA nz 155 023 094
RSEZ2 IR 045 ang 099

NOTE Al data were derived Fom nontinear regression analyses usng a
#epanEeer bgste fat assumes a Hll coefctant of 1

EWPEL ealls infected with a seo-expessing retrovirus
showed little phos pho-BATYS112) when cultured overnight
in bazal serum-iree medium. However, cells with enforcad
expression of FIMI kinase had a 4-fold higher amount of
phospho-BAD, reflecting the ability of the FIM1 protein bo
phosphorylte the endogenous BAD protein. When pim-1 -
expressing cells were treated with quercetagetin, phospho-
BALNS112) levek were markedly mduced in propodion bo
the eoncentration of the inhibitor. Half-maimal inhibition
oecumed al 55 pmol /L extracellular concentration. Cher-
cetagetin did not inhibit the activity of the AKT kinasze
under these conditions, as indicated by persistent phos-
phomlation of AKT on Ser*™ These data indicate that
quercelagelin was able o selectively block the ability of
FIMI1 to phosphorylate BAT in intact cells.

Quercetagetin Treatment Reproduces a Known pim -1
Knockdown Phenoty pe

If quercetagetin acls as a true FIMIL inhibitor, then it
should reproduce a pom-T-dependent phenotype in the
target cells. We have shown that FIMI inhibition by genetic
mears (small interfering ENA] inhibits the pm]i[er.ali::-n of
EWFEL and RWPEL cells (Supplementary Fig. '-':-I} We
therefore determined if quercetagetin could reproduce this
plenotype. EWPEL cells were breated with quencelagetin
for up to 72 h (Fig. 53A) Maked dose-dependent growth
irhibition was apparent by 24 h, leading 1o persistent
growth arrest themafler. Cluercelagetin repoduced this
pim-1—dependent phenotype al a drug concentration
that irhibited the enzyme in oells (EDgy, 3.8 pmal /1
Fig. 5BL Similar resulls were seen in KWPEL eells (dala
not shown). Apoptotic eells, showing eytoplasmic blebbing
and detachment, were rare, but dividing cellk virtually
disappeared in cultures treated with quercelagetin at
625 pmol/L or higher concentrations (data nol shown)
DMA hetograms oblained at 24 h after the addition of
quematagetin (525 pmol/L) or DMS0 vehicle were very
similar {Fig. 3C). Meither showed a <2n population sugges-
tive of apoptosis. There was a slight incraass in the propor-
tion of cyeling cells (5 + Ge-M) in the drug-treated samples.

A PIML inhibitor would be predicted to inhibit the
growth of cells that express the molecular target, more than
celk with little or no gpim-1 expression. We examined the
effects of quemetagetin on the growth of prestate cell lines
that express a spectrum of PIM1 levels, FWPFEZ cells
expressed the highest amount of FIM1 protein; PFC3 had an
intermediale level; and LMNCaP cells showed the lowest

Molecular Cancer Théerapeutics

amount of kinase protein (Fig. sA). Treatment of the
cells with wvarious concentratiors of guercelagelin for
72 howsulled in inhibition of cell growth (Fig. sBL At all
congentrations, EWFE2 cells were inhibited the most, baing
significantly more semsilive o quemelagelin growlh inhi-
bition than the other prostate cancer cell lines. FC3 cells
showed intermediale growlh suppression and were also
significantly more sersitive than were LMCaF cells at
quercetagetin concentmtions of =125 pmol /L. Thus, the
ability of the fAavonol o irhibit proliferation was propor-
tormal to the amount of PIMI protein in the target cells,
particulady at lower drug concentrations. Although other
interpretations are possible, these dala support our
abservation thal quercetagelin canact as a FIML inhibitor.

Discussion

The development of clinically uselul small-molecule kinase
inhibitors has been a seminal event in the world of ance-
logy. Flavonoids wem among the early scaffold structures
identified as potential kinase inhibitors. However, although
many lavones, isoflavones, and favonols have been shown
to regulate the activity of kinases in cell-based assays, lewer
data exist 1o show that these molecules can direetly bind
and inhibil kinase targets both & sdm and in cella. It &
clear thal some lavonoids are ATP-competitive ligands for
both tyresine and serine-threonine kinazss, as well as other
ATPbinding ereymes. The flavonol quercelin is one such
ligand, and its ability to directly bind to ATF-hinding
enzymes has been well shown. Al low-micromaolar eoneer-
trations, it directly binds and inhibils such diverse enzymes
as the phosphatidylinesito]l 3-kinase (14), the epidermal
growth factor receplor tyrosine kinase (15), retroviral
reverse lrarsciplases (16], DM A gyrazas (17), phospho-
dieslemses (18), and thioredoxin reductase {195 Other
direct flavonoid inhibitors have been described for KESE2
kimaze (24), mitogen-activated protein/extracellular signal-
regulated kinase 1 {25), and several cyclin-dependent
kimases (23, 26-2). One such ligand, Aavopiridol, has
already entered clinical trials for the treatment of cancer.
Mhers, such as PD905S, are familiar laboralory reagents
for inhibiton of kinase patliways. We now show, by means
af erystallography, thal quercetagetin is a direct ligand for
the ATP-binding pocket of FIMI kinase {Fig. 3).
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Figure 2. Quercemgetn is o selectve nhiotor of FIMT Knase. innlomr
ety of queretagetin at 1 and 10 pmolL finel concenvation sgainst &
spectnam of serne trreonne Mneses of & panel of Dnases, sssessed oy
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kinases bound flavopiridal less well than did cakium/
calmodulin—dependent pmiein kinase kinase L These data
suggest that cyclin-dependent kinasss may not be the anly
kinases inhibited in cells by favopindal. Both FIMIL and
FIM2 were among the bound kinases, with binding
comstants of (52 and 085 wmal/L, respectively. Although
there is no absolute correlation between binding, constants
and enzymatic activity, Ravopiridol could conceivably
inhibit the activity of both FIM1 and PTM2 in test systems.

Molecular Cancer Therspeutics

Because quemetagetin has not been lested against a lage
number of other kinases, we cannot predict what other
enzymes would be perturbed by this flavonoid. It is likely,
however, that ils spectrum of selec tivity will be substantially
different from that of lavopiridol. Cluercelagetin showed
clear preference for inhibiting FIMI over FIM2, whereas
flavopindal did not. Furthemmore quercetagetin inhibited
the activity of the Aurora-A kinase {ICgp —4 pmol /L), a
kinase that did not bind Qavopiridol {#). The substanbial

A Guercelagelin (M) L] 1] 5 i 25 50
anli-pBAD{S112) —
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homology bebwean Aurora-A kinase and PIMI kinasa likely
contributed to the low-level inhibitory activity of querceta-
gelin for the former; Aurora-A and PIMI are 29% identical
over their entie kinase domains; and the ATF binding
pockets have 8% conserved amino acids.

An earlier, smaller-scale study looked al the effect of the
flavonol quemetin on the in viro kinase achivity of 25
kinases, none of which were pim family kinases (293 At the
tested concentration (200 pmol /L), quercetin inhibited the
ereymatic activity of eight of the kinases. The propersily
of this flavons]l o fomn aggregales in aqueous solution
has been advanced as an explination for ils widespread
ergyme-inhibitory activity @ vdm (30). We have not
detected quercelagetin aggregates at concentrations of
<1l pmol /L in aquesus solution, using a lighl-scal lering
aszay (data not shown). Thus, we feel that this artifact
does not account for the ability of this flavonal to inhibit
FIMI al nanomolar concentrations.

Because of the polential ambiguities that may aceompany
he use of amall-molecule kinase inhibilors, a series of
standards have been pwposed for their use (29, To
validate the resulis, it is desirable to show that the effscis

of an inhibitor dizappear when a drug-resistant mutant of
the protein kinase is overexpressed. Although convineing,
this standard often fails due 1o the lack of an identified
mutant with the desired properties. Mo such mutant has
been identified for any of the pim kinases. Another
potential standard is to show thal the cellular effect of the
drug occurs at the same concentrations that prevents the
phesphorylation of an authentic physiologie substrale of
the protein kinase. We have seen in these studies that half-
maximal growth irhibition of prostate cancer cells occurred
at a drug concentmtion (38 pmaol /L) that approximated the
g for PIM1 ereyme inhibition in cells {55 pmaol /L)
Furthermaore, the selectivity for prostale cancer growth
inhibition, in proportion o endogenows FIMI kevels, was
greatest at 625 pmol /L. Higher concentralions suppressed
growth more, bul the relationship to endogenous PIMI
levels was obacured. These data suggest that, at relatively
low concentrations {perhaps 510 wmol /L), the growih-
inhibitory effects of quercetagetin likely invaolve FIMI
antagonism. A third standard is o observe the same effect
with at least two structurally unmelated irhibitors of the
protein kirase, Previously deseribed inhibitors of pim
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kinazes are either less aclive or less specific Ravonaoids
7, 9, the same structural class as quercetagetin, or
staurceporine amalogues (3, 9, 211 We therefore usad small
interfering EMNA as a genelic mears to identify a pime-1 -
dependent phenolype. Froliferation of prostate cells was
suppressed with both the genetic and chemical inhibibors of
FIM1 activity. These data show that quercelagelin & an
authentic small-maolecule inhibitor of PIML kinasa.

The erystal structures of FIMI compleed with querce-
tagetin, myricetin, and 573 4.5-pentahydmscyllavonone
show that flavonoids bind o PIMIL in two distinet
orientations. Although interesting, this & nol a suiprising
obzarvalion, as Mavones have shown a u'ariel:.-' of binding
modes in kinases (9, 22, 23, 26-8). An examination of the
intermalecular interactions of each favonoid with FIMI
doss not r:l-eaﬂv raveal w]'ﬂ.-' one ofentalion was ad-::-pled
over the other. However, it is pessible that the presence of
thres ]wdmw] groups on the B dng of myricetin and
573 4.5 pentahydioxyflavone discourages these two fla-
vonoids from adopling the binding orientation observed

Molecular Cancer Therapeutics

for quercetagetin. The hydrophobic side chain of Leu'™
which extends into the ATF pocket in the same region
occupied by the B ring n::-[ quercetagelin {Fig. 3A), may be
mmmpallble with the 5" hwd rony ] group of myricetin and
5.7.% A" 5 -pentahyd ooy lavone.

E-c'.-IJ'u pir-1 and pim-2 can phosphorylate 4EBP-1, a
regulator of protein trarslation {31, 32). Rapamyecin was
unable to block this effect. These data suggesl that pam
kinases may functon in a parallel pathway to the
phosphatidylinesital 3-kinase/ AKT /mammalian taget of
rapamycin caseade lo regulate and supporl protein
synthesis under stress conditions. Beeause AKT-1 and
FIM2 function cooperatively to induce lymphoma forma-
lon in lranagenic milce (&), it may e necessary o largel
both pathways for effective antitumaor effects. Several
prototype AKT inhibitors have been described (33, 34).
Clur identification of quercetagetin as a PIM1 inhibitor
provides a ool for tzsue cullue studies o invesligate this
laypoll'.es.is. Under the tested condiions, we found no
evidence thal gqueretagetin inhibited the phosphorylation
of AKT on Ser™. Thus, it may be possible o combine
inhibitors of these kinases to detect additive or synergistic
effects resulling from the blockade of the two kinase
pathways.
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impaired response to growth factors. ™ While the
absence of pim-1 showed mimmal adverse effects in
mice, over-expression of pim-1 has been shown to have
significant eflects on cell sunvival. In vitro studies reveal
that enforced expression ofpn-1 cansed increased
cellular proliferation, decreased apoptoss and cell
death, increased cell survival, ™ and protection from
toxin-induced cell death™ in the murine bone marrow
FICPL cell line, Enforced expression of human pim-1
in FIDOCP] cells also resulted in IL-3-independent cell
survival *'  Furthermore, pim-! has been shown to
cooperate with both c-mve and N-mve in hematopoletic
oncogenesis® and significant over-expression of pim-1
has heen demonstrated in clinical cases of lymphoma, ***
lenkemia,” and prostate cancer, ™%

Comparative molecular field analysis (CoMFA) & a
three-dimensional  gquantitative molscular  modeling
technigque ussd to study relationships between ligand
structure {steric and electrostatic properties) and biolog-
ical activity, The final validated model can be used for
the design of novel ligands and to predict the functional
activity of those ligands before synthesis,

In addition to its successful use to evaluate the proper-
ties of the binding sites of kinase-speafic inhibitors, -
* the CoMFA methodelogy has shown utility in evah-
ating the ligand-binding sites of numerous receptors,**-
* calcium channels,* chromosome pd) enzymes, 59
human immunodeficiency virus-1 integraze® and [+
tubulin®® In each case the CoMFA models demon-
strated a strong correlation between predicted and
experimental ligand activity.

We have constructed CoMFA models, aligned with and
without crystal structure guidance, for favonad higands
of the PIM-1 kinase using a traiming set of 15 Aavonoid
probes for which we have determined the inhibitory po-
tency against the PIM-1 kmase, Here we describe the
electrostatic and steric properties of the CoMEFA model.
We demonstrated its utility as a predictive model of fla-
vonoid potency using a test set of six favonoids that
were not included in the traning set. We also vahdated
the model by overlay with a PIM-1 kinase crystal struc-
ture to elucdate the amino acid residues that may pro-
vide an explanation of the CoMFA contours.

1. Results

Simple correlations between PIM-1 kanase inhibition
and flavonoid log P (Fig. 1) or mokcuk dipole (Fig. 2)
resulted 1n poor correlations, This suggested that other
parameters are important for kinase inhibition.

Hence we generated CoM FA models of lavonoid inhib-
itors of the PIM-1 kinase, The structures and corre-
sponding —loglCe walues for the trammng set of
flavonoids are presentad in Table 1. A cross-validated
partial least squares analysis determmed the optimum
number of components for use in non-cross-validated
analyzis to be 2 (Tahkle 2).

1
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3 -0.5 1
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g -1 4 10 *
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Figure 1. Predictive value of logF versus inhitstor potency for the
training set.
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Figure L Predictive value of dipole moment vemsus inhibitor potency
far the training set.

Using the alignment rule for madel 1 ({Fig. 21, a non-
cross-validated partial least squares regression analysis
of potency, expressad as —loglCs;, and CoMFA
descriptors generated a CoMFA model with g7 = 0,805
for the training set (see Table 1 and Fig. 4a). The CoM-
FA model provided an mproved correlation to flavo-
noid potency compared with log P (B = 0.4803) or
dipole moment (R*= 0.1749) for the same set of data.

We vahidated the CoMFA model by determimng how
accurately 1t could predict the 10 values of a test sct
of compounds (Havonoids not included m the traming
set; Tablke 1) We compared the CoMFA predicted
—loglC o with the expenmental —log I1Cq, for cach fa-
vonoid in the test set. The model showed a strong corre-
lation between predicted —loglCs and experimental
—loglC oy with a correlation coethaent of B = 0829
(Fig. 4b). These data demonstrated that the CoMFA
maodel could successfully predict the potency of fAave-
noid imhikitors of the PIM-1 kinase not present in the
traimng sct.

The steric and elsctrostatic comtributions to the model
were determined to be 0,626 and 0,374, respectively,
and are represented graphically n Figure 5, For electro-
static contributions the model predicts that increased
binding will result by placng more negative charge near
the fAavonoid C4° positon and more positve charges
near CX. For steric contributions the model predicts that
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Table I. Structures and non-crms-validated PLE analysi for the training set using multiple afignments

H H
H 14 15
Compaund R, R, R, R, R, By B, Ry Ry R
1 fquercetagetini CH GH OH OH H H OH OH H H
I (gemsypeting CIH CiH H OH OH H OH OH H H
3 H CiH H OH H H OH OH OH H
4 myricetin CH GH H OH H H OH OH OH H
5 {2 pigenin) H CiH H OH H H H OH H H
& fquereetin) CIH CiH H OH H H OH OH H H
7 flutealin) H CiH H OH H H OH OH H H
& fmorin) CIF CiH H OH H O H OH H H
@ H H H OH H H OH H H H
10 H H H OH H H OH OH OH H
12 H H H OH H H H H H H
13 H H H OH OH H H OH H H
Compaund Madel T Madel T1 Madel 11
1og 1€y, (M) lag Iy (M) g Iy, M)
Obsd Pred" Res Prad® Res Pred® R
1 047 0. 07 0 012 032 als
2 037 0.2 06 a3 0.06 0 o
3 ala 0.3 005 0z 0.1 0 017
4 all 0.8 LNE] 10 .21 005 il
E Qs 0@ 006 ala 0.17 021 018
é it 0.5 0zl 0z 0,34 0% 015
7 030 0.1z 008 a6 0.0 e ai
& 043 078 035 0E2 0.3 00 037
@ 066 098 033 91 0,25 038 0z
10 0 055 003 054 .08 067 013
1 1Lla 1.7 067 71 068 182 a7z
12 115 098 017 a9 0,23 L] 036
13 14 05 045 0 0.45 04 048
14-(R) 175 105 073 103 0.75 101 77
15.405) i 178 028 151 0.1z 154 ala

Ohsel, observed value; pred, predicted value; res, resicual.
* Generated from Cob FA noncros-validated run Gee Sectiom £ & = 0805 fmaode T, 08300 (madel Ty, 0781 (made] T

Tahle L. Crossevalidated partial keast squares analyss using multiple alignments

Caompememnts Made T Mlade] IT Mode TIT
5 R 5 R 5 R

1 DARD 0.30% L5t 0.2 asll 0k
F QA1D 0487 430 0452 0AS4 4R
] a7 0.4&l6 S5 0.E%% 0LERS (1 Bt
& el 0,450 73l 0,385 0728 0.3
5 0778 0374 OTED 0401 OTET [ iy
] [k 0318 AR 0382 064 a3z

5, standard erar for the estimate of ~logl Ty B, comela fiom eneffident. Optimum number of companents for madd T H2(R = 04T, madel [ 52
(K" = 0.452), made] M is 2 (K" =0.409).

adding bulk near the C3" and C6 positions will improve 107 uM), with the steric and ekctrostatic contours of
hindmg. the model. The model elucidates at least one reason for

the dramatic differences in potency between these two fla-
We examined the interactions of the most potent P1M-1 vonoid compounds, As illustrated m Figure 6, querce-
antagonist, quercetagetin (10, = 0.4 uM), and those of tagetin lies almost completely flat within the contours.
the least potent flavonod, compound 15 (ICw= In this position the T2 and C4 hydroxyl groups on the
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repectively.

of the PIM-1 kinass, Figure 7 dcmf-nttrfa}cn what ap-
pears to be an optmum volume near 218 A% (the volume
of guercetageting for Aavonoid amtagonists of PIM-1.
Flavonoids with volumes larger or smaller than 218 A®
are progressively worse inhibitors of the PIM-1 kinase.

A, Discussion

Here we have described the generation of the first Cob-
FA model for PIM-1 kinase ligands using flavenoid
probes, Swty-three percent of the contributions to the
model were steric, while only 37% were electrostatic,
suggesting that flavonoid binding to the PIM-1 kinase
15 influenced predominantly by steric factors rather than
by electrostanc factors,

The steric comtours reveal that the PIM-1 kinase ATP-
linding site 15 sterically lindered above and below the

plane of the bound Aavonoid. It 1s likely that the planar
conformation of the Aavone class of compounds 15 what
allows them to fit well into the sterically restricted space
within the PIM-1 kinase ATP-hinding site, In contrast,
(RF and (§Ffavanones {compounds 11, 14, and 15),
which have a chiral carbon at the C2 position, are infe-
rior PIM-1 kinase antagonists compared to the flavones
(=see Mg, band Table 1) Our model was able to predict
the relabve order 1n regard to emanboselective inhition
(H = &) of compounds 14 and 15, It appears that a pla-
nar conformation 15 advantageous for inhibation and
presume bbby would not be limited to the Aavonod class
of compounds. It 15 more likely that this favorable char-
acteristic will be found in small-molecule inhibitors of
the PIM-1 kinase as a group,

As demonstrated m Figure 7, the volume of the higand
also appears to play a role in the potency of flavonoid
compounds as PIM-1 kinase antagomists, This feature
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ctfic potential lgand-enzyme mteractions and allowed
for a more mformed and pradictive structure-basad de-
sign effort.

Our anabysis elcidated the three-dimensional contribu-
tions of spectfic amine acd residuss to the steric and
chkctrostate properties of the PIM-1 kmase ATP-bind-
ing site. Results from these studies may provide invalu-
able information for the design of potent, sckctive
inhibitors of the PIM-1 kinase,

Quercetagetin, quercetin, myricetin, and compound 3
share a common favone scaffold and diffier only in the
number and positions of substituted hydroxyl groups
onto the flavone backbone, Hence, our previous work
demonstrating that these flavones do not all bind to
the PIM-1 kmase in the same orientation was quite
unexpected.s*

Omne of the weaknesses of CoMFA 1s the choice of the
alignment rule. We show for the first time that caution
must be used in aligning compounds even when they
appear to have a common pharmacophore. The varied
onentation of flavonoid kinding to the PIM-1 kinase
presented a potential lmitaton of the CoMEA model.
The alignment rule nsad to create maodel 1 did not take
into account the varied binding orentations {crystal
posss) that could be present in the training set of favo-
noids, However, alignment rules incorporating the crys-
tal orientations of compounds in the trainmg set {model
1) did not improve the ability of the model to predict
the potencies of the test set of compounds. This unigue
example provides strong evidence of the robustnes= in a
correlated partial least squares in regard to estahlishing
alignment rules,

It should be noted that, as a class of compounds, fAavo-
noids have been shown to be mhibitors of other kinases
in addition to the PIM-1 kinase. Protein kinase C% and
protein kinase A™ activity have been shown to be inhib-
ited by Aavoneids, with 100 values in the millimolar
range, In contrast, flavonoids inkikit the PIM-1 kinase
in the micromaolar and submicromolar ranges.

Flavonoids are promiscuous compounds, in that their
efiect 1s not himited to the kinase class of enzymes,
Flavonoids have been shown to induce mammalian
topoisomerase 1l-dependent cleavage,”™ and inhibit both
mitochondrinl NADH-oxdase™ and HIV-1 integrase. ™
Flavonoids have also been shown to inhibit soybean
lipoxygenaze and stimulate cyclooxygenase™ Gastric
H+, K+-A'1'Pasc,’_5 T eTe transcﬁmascs,m and DA
and RMNA polymerazes™ are alzo inhibited by flavo-
noids. Common to many of these studies, regardless of
the target enzyme, 15 the observation that the polyhydr-
oxylated core plays 2 major role in the potency of Aavo-
noids, This polyhydroxylation 1= also an mportant
contributor to favonoid promiscuity,

Comparing the hydroxylation patterns of gquercetagetin
and myricetin, as in Figure 3d, suggests that the tri-
hydroxylated ring of the flavonoids 15 preferentially oni-
ented toward the same region when hound to the PIM-1

kinaze, This general rule appears true whether the tri-
hydroxylated ring & ring A {as in quercetageting or ring
B {as in myriceting, An alignment rule based on this gen-
eral rule would require compounds 3 and W to bind to
the FIM-1 kinase in an orientation similar to myricetin,
rather than gquercetageting Such an  alignment was
emploved for model 111, with no improvement in the
predictive value of the model,

The structure of myricetin 15 similar to that of querce-
tagetin, hence the two compounds share similar proper-
ties  when  aligned  according  to  their  common
substructure (as m model 1), Interestingly, when aligned
according to ther crystal orientations {as in models 11
and 111} these two compounds still share similar spatial
clkectrostatic and steric properties {see Fig. 2), This rela-
tionzhip likely contributes to the success of our model.
Our findings demenstrate the utlity of ligand-based
methods, such as CoMFA, in clucdating structure
activity relatonships; parbicularly m casess were the
hinding orientations of ligands are imknown,

Thus the outcome of the three predictive models pre-
sented here demonstrates that with our trainng and test
set of compounds CoMEFA 15 sufficiently robust to pro-
vide pradictive models despite the varied hinding orien-
tations of Aavonoids to the PIM-1 kinase, The utility of
our model has been demonstrated by itz successful use
to predict the potencies of the test set of flavonoids
¥ = (L829). Hence we present here the first predictive
model that may be used for the rational design of
small-molecule PIM-1 kinase inhibitors,

4. Methiids
4.1, PINV-1 activity

The ICw's used in the CoMFA were recently reported
for PIM-1 kinase actreity (Holder, 8., Zemskowva, M.,
Zhang, C., Tabrizizad, M., Bremer, K. Nedigh, J.
W, Lilly, M. B, Characterization of a potent and selec-
tive small-maolkecuke inhibitor of the PIM1 kinase. Maol.
Cancer Ther, 247, &, 162-172). These values were used
without correction or normalization.

4.2, Moleoukar muodeling

The octanal-water partition coctiicient {log £1 for cach
flavonoid was cakulated vsimg Chemdraw version 6.0
(Cambridgesoft, Cambridge, MA). Molecular dipales
were calculated nsing MOPAC with default settings.
The molecular volume (A% of each compomnd was cal-
culated in YBYL. The structures and 1Cs values of the
set of flavonoids that form the training s=t are histed in
Tabkle 1. Table 3 lists the structures and 10, valies
for the flavonoids that form the test set.

The structures of all of the compounds were constructed
in the BUILIVEDIT mode of SYBYL and energy-min-
imized by the conjugate gradient method using the Tri-
pos force field™ from a starting geometry of PIM-1
bound guercetagetin (203F). The flavonoids in the
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traiming and the test sets have a common double six-
memberad ring structure; hence atoms in this commaon
sub-structure were ussd to create the alignment rule
for model I All of the structures in the trainmg set were
ahgned over the atoms O4, O35, Ch, 7, and CE of
quercetagetin from  the co-crystal structure with the
PIM-1 lanase, Similarly, the favonoids in the test st
were also aligned over the atoms C4, C5, Ch, C7, and
CE CoMFA, using default parameters, was caleulated
in the QSAR option of SYBYL 6.5 The CoMFA gnd
spacing was 20 A m the x, v, and = directions, and the
grid regon was antomatically generated by the CoMFEFA
routine to encompass all molecules with an extension of
40 A in each direction. An sp’ carbon {sterics) and a
charge of +1.0 {electrostatics) were used as probes to
generate the interaction energies at each lathioe point.
The default value of 3 keal/mol was used as the maxi-
mum electrostatic and steric energy cutoff,

Uszsing the traiming set of flavonoids, cross-valdated
and non-<cross-vahdated partial least squares analyses
{PLS) were performed within the SYBYLAQSAR rou-
tine, Cross-validation of the dependent  column
{=loglCe) and the CoMFA column was performed
with 2.0 kcalimol column filtering, Scaled by the CoM-
FA standard deviation, the cross-vahdated analysis
generated an optimum number of components equal
to 2 and g7 = 0495 [Table 2). PLS analysis with non-
cross-validation, performed with two components, gen-
erated a standard error of estimate of 0,376, a proba-
bility (R*=0) equal to 0000, an F vahe (m =2,
#a= 12) of 24792, and a1 5= 0,805 (Table 1). The rel-
ative steric ((L626) and electrostatic {0.374) contribu-
tions to the final model were contoured as the
standard deviation multiphied by the coefficient at
gife for favored steric {contoured in green) and fa-
vored positive electrostatic {contoured n blue) effects
and at 20% for disfavored sterie (contourad in yellow)
and favored negative elactrostatic {contoured in red) of -
focts, as shown in Figures 5-7.

Om the basis of this analysi, the 1C o values of the test
st of Aavonoids were predicted and correlatad to the
observad 10, values as determined in our laboratory
{Table 21, The CoMFA contours were also comparad
with a PIM-1 crystal structure, A PIM-1 lanase crystal
structure with bound quercetagetin (the maost potent fla-
vonoid imhibitor of the PIM-1 lknase among those we
have assayed) was superimposed with atoms 1, €2,
C3 04, C5 Ch, C7, and CX, onto the quercetagetin
structure in the trammng set of compounds used to create
the CoMF A model,

A crystal structure of myricetin in complex with the
PIM-1 kinase revealed a surprisingly distmet and differ-
ent hinding orientation than quercetagetin®® Hence a
second CoMFA alignment rule was employed {model
1), in which myricetin was aligned to quercetagetin
according to their crystal poses rather than by thar
common substructure as in model 1. To accomplish this
alignment the two crystal structures of the PIM-1 kinase
in complkx with quercetagetin and myricetin (RCSB
Protein Data Bank codes 2063, 20464, respectively) were

superimposad over their protein backbones, The two
FIM-1 kinase structures are notably similar, with an
EMSD over the complete protein backbone of only
0.58 A, Quercetagetin and myricetin were  extracted
from ther respective PIM-1 kinase proten structures
to achieve a hgand alignment and orientation basad on
the crystal poses. The remaining compounds in the
training set were aligned to quercetagetin by their com-
mon substructure, as in model 1

Basad on their respoctive hydroxylation patterns, com-
pounds 3 and W were identfied as hkely candidates
for binding to the PIM-1 kinase n a similar pose to
myriceting, rather than that of quercetagetin {see the dis-
cussion section for a detaled explanation). Conse-
quently a third ahgnment rule was employed (model
111}, where myricetm and compounds 3 and 10 were
ahgned in the crystal pose of myricetin, while the
remaining compounds in the trainmg set were aligned
in the quercetagetn crystal pose,
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A defining characteristic of solid tumors
is the capacity to divide aggressively amd
disseminate under conditions of nutrient

deprivation, limited oxvgen availabilitv, and
exposure to cytotoxic %.II.IE‘S or radiation.

Survival patlmaj'.'s are activated within tumor
cells to cope with these ambient stresses. We
here describe a survival pathway activated by
the anti-cancer drug docetazel in prostate
cancer cells. Docetaxel activates STAT3
phosphorylation and transcriptional activity,
which in twrns induces expression of the
PIM1 gene, encoding a serine -threonine
kinase activated by many cellular stresses.
Expression of PIM1 improves survival of
docetaxelireated prostate cancer cells, and
PIM]1 Iknockdown, or expression of a
dominant-negative PIM1 protein, sensitize
cells to the cytotoxic effects of docetazel.
PIMI1 in twrn mediates docetaxelinduced
activation of NExB transcriptional activity,
and PIM] depends in part on NExBE p6s
protein for its prosurvival effects. The FIMI
kinase plays a critical role in this STAT3—=
PIM]1 - NExB stress response pathway, and
serves as a target for intervention to enhance
the therapentic effects of cytotoxic drugs such
as docetaxel.

& defining charactenistic of solid mmors 13
the capacity to dwvide aggressively and
metastasize  under condittons of nuimient
deprivation and lomited oxygen availabdity.
These microenvironmental stresses arise from
imadequate perfusion as the prmary tumor
rapidly outgrows its mitial blood supply, and
from dramatic stuctural sbnormalities of fumer
vessels that lead fo zbemant mucrocirculation.
Survival pathways are activated within fumor

cells o cope with these ambient stresses.
Examples mclnde stress pathways that respond
to hypowia (1), owmdaftve stress (2), and
unfolded profem/endoplasmic redenlum smesses
(3}, In addiion to these mucreenvironmental
stresses,  anil-cancer ireafment cam  Cause
addificnal siresses to cancer cells. These added
msults call forth additional responses that can
augment the survival mechamsms of the
:llﬂll"l'_'lﬂﬂ cells and impair overall cell kill. Key
participants in stress response pathways induced
by cytotoxic dmgs include AKT- and other
kinase-dependent  pathways (48, NFB
pathways (¥), and mediators of DNA .'Epﬁi.' (1.

Ameng the potential swvival protems in
cancer cells are the PIM famuly of kinases,
mcluding the PIMI, PIM2, and PIM3 genes.
These small, cytoplasmic serme-threomine
kinases function as fme oncogenes, promoting
the development of cancer m ammal models,
either alome (11} or synergistically with other
oncogenes such as MYC (12). In normal and
malignant cells PIM kinases are lughly regulaied
at the tramscmptional level  Expression 1s
mduced by many cellular stresses, mcluding
cytokines {13} oncogenes (143, hyp-u:r.'-:la |:15]|
heat shock (16). and toxin exposure (17). In
addiien, PIM  linases are CE]l‘-';“-til‘thl‘.‘El}-‘
expressad m 2 vanety of leukenias and
bmphomas (18), in head and neck sgquamous
cell carcmmomas (199, as well as m prostate
cancer (20-22).  Therefore PIM linases may
meddiate m part the process of carcinogenesis.

PIM kinases have besn shown to promote
cell survival in the face of cytokme withdrawal,
as well as exposure to lomzing radiation and
domorabicn (13,23 24}, This 15 accomplished m
par: through phosphorylation of the pro-
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apoptotic protein BAD on serme-112, leading to
its sequestratom by 14-3-3 (2526). It i3
unknown whether PIM kinases participate m
mduced cytoprotective  responses  following
treatment of cancer cells with chemotherapeutic
agents.  Smee the PIMI kinase has been
implicated in the development or progression of
prostate cancer, we have examined its rele in
cell responses to docetaxel, the pnmary
cytotoxic agent used to treat prostate cancer
{27.2%). We here present data showmg that
PIMI expression 15 induced by docetaxel
treatment.  Furthemumers, PIMI s a2 key
component of a survival pathway that includes
STAT3 and INF«B transcriptional complexes.

Experimental Procedures

Reagents. Doostaxel pharmacentical grade
sohution (Sanoft) was diluted m unsul,pler:muted
keratinocyte mediom l_uutr-::-Een, immediately
before each experiment. 3-(4, 3-Dimethyl2-
thiazalyl)-2,5-diphenyl TH te:razﬂhm bromids
{MTT) was prepared as stock solntions m PBS.
The following monochnal antibodies were used:
antr-B-ACTIN {clone AC-15; Sizma), antrPIMI
{clone 127HE; Santa Cruz), anti-BCL,, (clons H-
5; Santa Cmz), antrphospho-S5TATS (T37703)
{clone 3E2; Cell Signalmg), antifotal STATS
{clone 24; BD Bioaciences), and ant-humen
cyelm B1 (clone GNS-1; BD Biosciences).

Cell Culiwre and genevation of stable clones.
EWPE-1 and RWPE-2 prostate epithelial cell
lines (both from ATCC) were maintamsd
keratinocyte medium (Invirogen) supplemented
with 5 ngml luman recombinant EGF, 0,05
mgmlL bovine pituitary extract, 100 umitsimD
pemicillim and 100~ ugml  steptomyemn
(MediaTech). EWPE-1 cells are immortalized
but not tumorigenic; EWFE-2 cells are both

mmortalized and tumorigenme m
mmumaedeficient ammals.
For some expenments we produced

additional poeols of EWPE-1 and EWFE-2
prostate cells that overexpressed wild-type or
dominant-negative PIM1 cDINAs (23) drough

reroviral ransdoction. The coding regions for
the luman PIMI1 gene or a dominant-negative
varant (INT81) were cloned mto the pLNCXE
retroviral wector (Clemtech). To produce
infections wviruses the GP-293 packaging cell

line was co-ransfected with retroviral backbone
plasnuds  (pLNCX,  pLNCE/PDRMI or
pLWCINTEL) and with pVEV-G, a plarmili
that expresses the envelope glycoprotem from
vesicular stomafifis vims, using the calcinm
phosphate method  After 48 howrs of incubation
the mednom was collected and the vimus particles
were concentrated by cenmifiigation.  Prostate
cellz were plated at 1 x 10° per 60-mm plate 16-
12 hours before mfection. Cells were infectad
with 5 = 10° viral particles per plate n the
presence of 8 pg'ml polybrene. After § howrs of
meubation the vims-containing media was
replaced with fresh meedia, and on the next day
G418 400pgml was added to select stably
infected cell populations. After 10 days of
selection stable cell pools were established and
expression of the PIM]1 transgenes was venfied
by Western blot analysis.

For reporter gene assays, BEWPE-2 cells
stably expressmmz & NhdB-luciferase reporter
plasmmd were preparad. The parental cell lne
was co-mansfected with the reporter pgene
plasmid {Sategene) and a puromycin resistance
plasmed.  Puromycin-resistant clones wers
screened for expression of firefly luciferase m
response fo stimulastion with fumor necrosis
factor alpha (Peprotech). Two lngh-responding
clones were combined to create a pool. In some
experiments this pool of reporter cells was
firther  imfected  with  PIMI-encodmng
rerovimises as described above, and further
pocls were selectad by ireatment of the culfures
with G418

Determinarion of cell viability and apopiosis.
To determine cell survival following docetaxel
treatment, both short-term (MTT) and long-term
(r En'rmﬁn]l assays were used  For the former,
cells were seeded into 96-well plates (1-2 x 107
cellswell) and allowed to adhers ovenught
Docetaxel was added and the cells were
meubated  for  wvanous  penod  of  time
Metabolically active cells were measured by the
MTT assay. For regrowth assays, cells were
plated at 5 x 107well of 12-well plates, and
allowed to adhers overmight Docetaxel was
then added for 24hrs. Cells were subsequently
mypsimzed, and dilntions were plated m fresh
meditmm in 24-well plates, and allowed to grow
for 6-7 days.  Cell numbers were then
enumerated by crystal violet staimng (29
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To measure caspase activation following
docetaxel treatment, the carboxyfluorescein
FLICA gspoptosis detection kit was used
{(Immmmechenusity Technologies). The stamed
cells were analyzed with a FACScalibur flow
cytometer.

DNA histogram analysis.  After docetaxel
reatment for 24 hours the floadng and adheren:
cells were harvested and tc:-r::bmed. washed with
PBS, then fixed with cold 70% ethanol and
stored at 4'C. The cells were then washed with
PBS and were resuspended in 1 ml of PBS
contamimg 25 pg/ml propidivm odide, 0.1%
Triton 32100, and 40 png'ml FNAase A Affer
incubation at least 30 mun at 4°C the cells then
were analyzed by FACScalibur flow cytometer
using channel FL3.

Luciferase raporter azsmz. Cells (4 x
10%well) were plated m 24-well plates and
allowed to adhere overmght. Cells then wers
unireated or not with docetaxel and incubated
for 6 hours. The level of luciferase expression
was determined in terh-:a‘e using a luciferase
assay system (Promega) an:ccrdmg to the
manufacturer’s protocol. The hminescent signal
recorded wsmg a plate honmometer (Berthold
Technologies).  Luciferase  activity  was
normalized to total protein concentrations, as
measured by the Bradford method.

Western blonimg. Cells (5-7 x 107 wers
washed with cold FBS and Iysed m 100 pl of
ysis buffer (20mM Trs-HCI pH 7.3, 1% 5D5,
50mM WNaCl, ImM EDTA supplied with 1mM
phenvimethylsulfouy]l  flueride  and  protease
mhibitor cocktall Set WV (Calkiochem). The
lysates were somcated and the protem

concentration was measured using the BCA™
Protem assay kit (Pierce). Up to 70 pg of total
protemy/lane were s,uLJEE‘Ed to 12% 5D5-PAGE
and transferred to polyvinylidene membranes.
The membranes were blocked wath 3% shimmed
milk m TBST (20 mM Tris-HCL pH 7.5, 1350
mhd MalCl, CI "q Tween 20), and then meubated
overmght m 3% of skimmed milk or 3% bovine
seru aluomin in TBST with primary anfibodies
(dilution 1:1000) at £ C with constant shaking.
After washing with TBST, the membranes were
exposed to peroxidase-coupled secondary
anttbodies for 1 hour at room temperamre.
WMembranes then washed again with TBST.
Detection of the protem was performed by using

the chemiluminescent SuperSignal West Femto
or Pieo Maximum Sensttivity substrate (Prerce).

Eeal-Time PCR. Total RNA was extracted
with TFIzel Feagent (Imvimogen) and single-
stranded cDINA was constructed by Superscrpt
I0 polymerase (Invittogen) and oligo-dT
prmers. FeakTime PCE was performed using
iCycler (Bio-Fad) amd S5VBE Green PCE
master-mix rezgents (QLAGEN). The following
pnmers were used: PIM1 Forward 3°-
AACTGGTCTICCTITTIGGTT-3" ; PIMI
Feverse 3"-TACCATGUCAACTGTACA CAC-
£ CFL (cofilm) Forward 3
GAGCAAGAAGGAGGATCTGGT-3,  CEFL
Feverse 3 -CAATTCATGCTTGATCCCTGT-
3. The PIM] pnimer concenirafion was Jubd
and the CFL (cofilin) primer concentration was
0310 per reaction.

 STAT? decoy and mutant conmrol decaoy
oligonucleotde treamment  The STATS decoy

and mmutant decoy oligonucleoides uil lized
previously descnibed sequences (30). BW PE ?
cells were seeded mto G-well plates (3.7
10%well) and allowed to grow. Tweut:.-'-fclur
hours later the cells were treated with STAT3
decoy oligonucleotide (30nhd) or mmtant conmol
oligomicleotide (50 nM) using  TransIT'-
OligoTransfection Feagent (Mirus). Incubation
times of cells with decoy chgomcleotides vaned
between experiments (see figure legends).

siEMNA studies. In some cazes (NF<B siFNA
studies) cells were transfected with WFEEBI (=
p30) siFINA, RELA (= p65) siENA, or control
siRNA  (Santa Cmuz). One  day pror to
transfection, 5 x 10F cells/well were seeded in 6-
well plates. Twenty-four hours later the cells
were  fransfected with =2BENAs uwsing  the
TransIT-TEO® Transfection Feagent (Mimus),
and mecubated overmight. The cells were then
rypsimized, counted, and plated inte 24-well
plates (3-7 x 10f/well) for luciferase assay,
performed 24 hours later (48 hours after
mansfection).  Altemately, for immumoblot
analysis, the cells were plated m Gwell plates,
mansfected with siFNAs, and lysed after 42
hours after ransfection. For docetaxel treatment
the cells wers seeded mto 2 96—%‘&11 plate (1-2 x
10° celliwell, 100 ul total volume) and allowed
to adhere for 12hrs. They were thent ansfected
with stENAs using TransIT-TEKO® Transfection
Feagent (Mirus). Twenty-four hours later
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docetaxel (100 nd) was added to the cells, and
meubation contimued for 48 howrs. The MIT
assay was then performed.

Altemnately (PIM1 siEINA smdies) specific
and conirol siEMA sequences were cloned into
pSILENCEE. (Ambion) plasmid and used for
transfection. The PIMI-targeting sequence was
Y- AACATCCTTATCG: ACCTCAATCGOGS
and the commol  seguence  was  5-
GCCTACCGTCAGGCTATCGOGTATC -3
Plasmids were transiently tansfected mto
BEWPE-2 cells with a Wucleofector device
(Amaxa) and incubated for 24 hours. Then, cells
were trypsimzed and re-plated with density 5 =
10 cellswell in Gwell plates for immmmoblot
assay and 2 x 107 cells'well mto 96-well plate
for cell viability analvsis. MNext day, 42 hours
after transfection, 100nMd of Docetaxel was
applied, then the cells were incubated for an

iional & hours, Iysed and used for an
mmmmobloting assay with antePIMI antibody
was performed fo detect PIMI knockdown.
Alternatively . for cell survival assay, 100nM of
docetaxel was added for 24, 48 or 72 hours. The
cell viabality was measured with MTT 33337

RESULTS

Docetaxel incrsases expression of FPIMI
mRNA and profefn in prosiate epithelial cell
lines. To mvestigate the effect of docetaxel on
the expression of the PIMI kinase, we treated
E'WPE-1 and EWPE-2 prostate epithehal cells
with  pharmacological concenmations  of
docetaxel that approximate those observed m

plasma  within @ 24  howrs  after  dmg
admmstration  Expression of PIMI protem was
analvzed by immumeblotting. Diocetaxel

induced expression of the kmase by 3 hours,
with maximum expression betwesn 612 hours,
and then a declms to near-baseline levels
thereafter (Fig. 1 A-D). Quanttative analysis of
the densitometry data showed that PII
expression mcreased 2.3-T-fold dumng ths
interval. The incressse was stafistically
sigmificant at 3, 4, and 9@ hours m eleven of
twelve cell'dose combinations (Fig. 1 A-D), and
of Dborderline sigmificance i the  last
combination.  Elevated PIM1 levels were less
consistently seen at the later time points (12, 24

hours).  Smmilar results were seen with either
EWPE-1 or EWPE2 cells, and with either
10uM or 100nM docetaxel concentrations.

To explore whether docetaxe lmediated
mduction  of  PIMI  expression  was
transcriptionally regulated. realtime reverse-
manscription-PCR. analysis was used (Fiz. 2.
Docetaxel mduced up- 'Ef‘lﬂatmn of the PIMI
ranscrpt level m both EWFE-1 and ESWEE-2
cells meated with either 10nhd or 100nh of dug.
The results of realtime reverse-mranscription-
PCE analysis, showmg a two- to four-fold
increase of PIM1 mRNA expression. were in
direct agreement with the docetaxelmduced up-
regulation of PIM1 protem detected by Westemn
blot. The lewel of PIMI mPNA increassd
gradually m the presence of 10nbd of docetaxel.
With the lugher drug comcenmation (100nhi)
there was more 'aptd up-regulation of PIMI
transcrpt.

Previous smulies suggest that the PIMI
proteln mereases during the G2/M phase of the
cell cycle (31). Since docetaxel meatment has
been reported to cause G2 ammest, 1t was
possible that the mncrease m PIMI protem that
accompanies dmg treatment nught merely
reflect a change in cell cyele distribution.  We
used DNA Ius togram  analysis to  idennfy
changes m cell cycle distributions m RWPE-2
cells after dcu:etaxel treatment (Fig. 34). There
was no overall merease n the G2 cell
population after 24 hours of low-dose (10nbd)
docetaxel meatment, compared with wvehicle-
treated cells {p = 0.31 for no difference, based
on § mdependent expeniments). A large increase
m G2/ cells was observed after treatment of
EWPE-2 cells with a ligher concentration
(100l of docetaxel for 24 hours. Treamment
with 10nM of docetaxel failed to induce the
mitotic arrest, but ncreased the proportion of
cells in sub-G1 fraction, with DNA content
lower than 2IN. DINA loss ocowrred when cells
passed through ransient nutotic bleck formung
moltmuiminucleated interphase cells (32). The
data of DINA huistogram analysis were confirmed
by DAPL stammg and phase-conimast mucroscopy
after meubation of EWPE-2 cells with 10nM or
100nbd of docetaxel for 24 hours (data not
shown). Vanable G2M amest was confimmed
by mmumeblotiing to detect expression of
cyclin B1 (a G2/M phase marker). There was no
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change m cyclin Bl expression within 24 hours
after 10nM docetzxel freatment, but a Gme-
dependent mecreaze of cychn Bl proten was
apparent after 100 bl docetaxel exposurs (Fig.
3B. nght panel). During both treatments,
however, PIM1 expression increased between
three and twelve hours of exposure, mndependent
of the extent of G2M amest and cyclin Bl
EXpTession.

Endogenous and enhanced expression of
PIM1 pretfects prostate epithelial cells .Ir'clm
docetaxel-induced cell death and apoptosiz. To
determine whether PIMI1 can protect prostate
cells from docetaxeltriggered cell death, we
mnfected RWPE-2 cells with removimses
encoding a PIMI cDNA (pLNCX/PIMI), or an
empty refrovius (pLNCX). Pools of stably-
ransduced cells were selected u'eaten:l with

docetaxel (10 or 100nhD) for up to 72 hours,
and then analyzed by MTT assav © measurs

metabolically active cells. Enforced expression
of wid-type FPIM1 kmase was able to
consistently mprove cell survival, as reﬂ&.ted
by the MTT assay, at time points up to 72 hours
after the start of docetaxel exposure lﬂ:lg. & A
statistically significant survival advantage was
seen at both low (10nh) and high (1000hd) drog
concenmations, and m both EWPE-1 (dafta not
shown) and BWPE-2 cells.

To determine 1f ambient levels of FIMI1 can
protect EWPE-2 cells from docetaxel tosacity,
we miroduced control and PIM1-specific siRINA
oligomucleotides mto target cells.  Confrol
sIENA oligommclectides were unable to block
the docetaxelinduced mcreaze m  PIMI
EXPTESII0N. In contrast, PIM1 =iRNAs
substantially prevented the ncrease in kimase
expression followmg drug exposure (Fig. 3A).
Down-regulation of endogenous PIM1 kinase
expression led to enhanced cell kill up to 72hrs
after dmg application (Fig. 3B). The drug
sensitization was statistically sigmificant at every
time point. To confimm the protective effect of
endogenons PIMI kinase, we also miroduced a
dﬂnunﬂut—u&game enzvine (PIMLNTZ1) into
RWPE-1 and RWPE-2 cells by  retroviral
transduction. This funcated protein was
expressed well (Fig. 6A and B). As was seen
with the knockdown experiments, the NTEL
mutant kinase also sensitized cells to the
cytotoxic  effect of docetaxel. These

experiments clearly demonstrate that ambient
levels of PIMI are protective against docetaxel
induced cell death.

Docetaxel has previgusly besn shown to
induce cell death n part by spoptosis (33-33).
Therefore, we measured caspase activation by a
fluorescent caspase activity assay i drug-treated
cells as an mdex of docetaxel cytotoxicity. The
wild-type PIM1 kinase decreased dmig-mduced
caspase activation, consistent with its previously
demenstrated survival activity (Fig. 3, 6C). The
dominant-negative  PIM1  kmase markedly
enhanced dmg-induced caspase activation, and
the effect was statistically significant in both
prostate cell lines.

The dmg effect reflected by the MIT and
caspase assays was not great and its reversal by
PIMI expression, while statistically mztufu:aut
was sull quantitatively modest. These data
reflect the fact that docetaxel does not produce
massive, mumediate apopiotic cell death. To
better measure the protective effects of PIMI
kinase om the proliferative potential of
docetaxelmeated camcer cells, we wused a
regrowth assay (Fig. 7). Smee EWPE-2 cells
form loose colonies and aggregates, we were not
able to count discrete colonies; thus | the smdies
are techmeally not clonogenmic or colomy-growth
ASSAYS. RWPE-2PIMI and RWPE2ZNTEL
cells were weated with various concentrations of
docetaxel for 24 hours, then were Trypsinized
and plated m fresh medinm (withowut dmg) and
allowed to grow for 67 days. Cell growth was
then quantified by staining with crystal vielst
dye.  Docetaxel produced dose-dependent
mibiton of growth m both cell lines. However,
growth mhibidon was up to 8fold greater in the
RWPE-2NT81 cells. paricularly at the dmg
concentrations of SnM or higher. Thus the
presence of biclogically active PIMI lanaze
markedly inhibited docetaxelinduced cell death.

The ITATZ framscripfion factor mediates
induction g FIM1 by a‘are?raxei To 1dentify
mechanisms by which docetaxel could induce
PIMI expression, we examined the activation
stams of STAT? and 5TATS tramscripiicnal
factors, known mediators of PIM] transcrniption,
after docetmel treatment. STATS was not
conststently  phosphorvlated m EWPE-1 or
RWPE-2 cells {data not shown). The level of
phosphoSTATS (Tywr703) was strongly and
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rapidly imcreased after 10nb and  100uM
treatment of EWPE-1 and EWPE-2 cells (Fig.
BA-D), wlile the total amount of STAT? protem
was not changed  Docetaxel  indnced
phosphorylation of STAT3 sinmltanesusly with
up-regulation of PIM1 expression. These results
suggested docetaxelinduced expression of
PIMI may be dependent of activation of the
STATS transcriptional factor.

To determune if docetaxel mduces PIMI
expression m a2 STAT3-dependent manner. we
nsed  double-smanded  STATS decoy
oligonucleotides (300 to selectively abrogate
STATS transcriptional acavity. EWPE-2 cells
were incubated with wild-type or mtant-
sequence STAT3 decoys for 48 hours. PIMI
expression was  then  amalyzed by
immuneblotting (Fig. %), STAT3 decoys, but
not nutant decoys, decreased PIM1expression,
as well as expression of the known STAT3
target gene BCLx  These resnlts demonstrate
that STAT3 manscriptional activity contrelled
basal PIV1 gene expression in RWPE-2 prostate
cell:: STAT3 decoy ftreatment was not
asseciated with decreased levek of either
S5TAT3 protem or tyrosme phosphorylated
STATS.

To further define the rele of STATS
transcriptional activity in docetaxeldependent
FIM1 expression, we treated BEWFEE-2 cells with
STATS or nmtant decoy oligomicleotides for 18
hours.  Docetaxel was then added for an
additional & hours. As shown (Fig. 9B), the
S5TATS decoy did not prevent docetaxel induced
paurpnmlatlm of STAT3, but did mhibit the
effect of the dmg on PIM1. In contrast, the
mutant n]igﬂnutlecﬁde:- had no effect on PIMI
expressicn.  These results wdentify STAT3 as an
upstream mediator through which docetaxel
mduces expression of the PIM1 kinase.

Docetaxel activates NFxB franscriptional
activity in  a PIMl-dependent mamner.
Inhibition of the NFxB transcriptional complex
sensitizes prostate cancer cells to paclitaxel
{another taxane) and enhances dmg-induced
apoptosis  (36). We hypothesized that the
protectrve role of PIM1 i docetaxel indnced
apoptosis could be mediated through activation
of NFxB transcriptional activity as well We
mitially mvestigated the effect of PIMI

expression ¢n NFwB transcriptional activity.
EWPE-2 cells stably expressing an NEB-
dependent Iuciferaze expression plasmud wers
mfected with refrovimses encoding PIMI or
empy rerovimus only. Enhanced expression of
PIMI consistently mereased NFEB
transcnptional activity about two-fold (Fig. 100.

We then meated the NExB reporter cell line
with docetaxel. Cells were meubated for § hours
with docetaxel. and then were assaved for
luciferase acvity. /s shown (Fig.11) docetaxel
mecreased NExB directed laciferase expression
m a concentration-dependent mammer. Co-
expression of & dominant-negative PIV1 protein
substantially blocked dmg-mduced activation of
NF«B transcriptional activity at each docetaxel
concenTation (Fig 11).

The proteciive gffect of PDMI expression fiom
docetarelinduced death depends in part on
NFxB  activation. Te  deternune  of
PIMlenhances survival of docetaxelireated
cells through NEGE activation, we used siRNA
to inhubit expression of the BEELA (p63) and
NERB1 (pl05, p30) oproteins, the two
components of the majer NIB complex
Figure 12A shows that basal and PIMI-
dependent activation of NEB is decreased by
pSSBELA  and  pSONFEBL  siFNAs
Immumaobletting confirmed the knockdown of
the comespending p63/FELA and p3S0/INFEE!
protens (Fig. 12B).

A survival analysiz, based on the MTT assay,
was then performred on docetaxelireated cells
(Fig. 13A, B). With all siENA treatments,
RWPE-2PDMI cells showed improved survival
compared to that of cells infected with pILNCX
vius alene (Fig. 13A). The pS5/BELA and
p3ONFEBL siFINAs reduced survival of both
cell limes. The piU-I‘\TKB'_ siPNA did not
significantdly impair the survival of docetaxel
treated RWPE-1 pLMNCH cells, while it did have
a significant effect on EWFE-2/PIMI cells. In
conmast  pASEELA  siENAs  sigmficantly
enhanced docetaxel cell kill m both cell lnes.
These data suggested that cells with Iugh
expression of PIMI1 (FRWPE-2/PIMI) nught be
mare sensitive fo the effects of NE:B siFNAs
than were cells with low levels of PIMI
(EWPE-2pLINCE). We then reanalvzed the
data by nommalizing the survival o p63FELA
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and p30/NEEEL siENA-weated cells to that of
cells treated with docetaxel and confrol siEIVA.
The p65FELA and p30NFEBlI siENAs
enhanced docetaxelinduced cell Iall of EWPE-
2PIML cells to a greater extent than they
enhanced kill of RWPE-ZpLNCX (= wvector
only) cells. This enhancement was of borderline
sigmificance for pS0NFEBL siFINA (p=0.037),
but was lughly sigmficant for p63EELA
gIEMA. These results demonstrate that the
pS3BELA and p30/NFEB1 proteins mediate
resistance to docetaxel cel kall. Their effects are
more pronounced in prostate cells with ligher
PIMI levels that in similar cells with lower
amounts of PIM1. These data demonstrate that
the ahlity of PIMI to decrease docetaxel
mduced cell kill depends m part on the
pS3EELA, and possibly the p30FEEL
protein.

DISCUSSION

The present stady assessed the up-regulation
of PDMI1  expression following docetaxel
treatment of prostate epithelial cells. Docetaxel
mduced expression of PIMI in a fime-dependent
manner, and PIMI expression was imndependent
of cell cycle amest.  Apoptosis 15 mvolved m
docetaxel’s anfitmer effects, both m cultured
cells and climcal sethings (34.33.37). Our results
demonstrated that PIM1 inhibited docetaxel
mduced apoptosis. Fecent work has mdicated
that other modes of cell death may also
contribute significantly to the overall therapeutic
response to docetaxel (33). Whether PIMI
modulates these other forms of docetaxel
mdueed cell death requures further mvestigation.

Cellular stressors are kmown fo activate
survival pathwavs. Ameong these sfressors are a
wide varety of mu-nec-l,laruc agents, such as
cytotoxie u:ImEs .Jll-.‘? hading taxanes; 6.7.10. 3|,
tyrosine and serme threonine kinase ihibitors
@, ). and tmiterpenes such as betulinic acid (38).
These agents are capable of :ra.ug]euﬂ}
activating kinases and other survival mediators,
such as AKT, ERK], and NEE transcripnonal
activity. It appears that drug-induced activation
of survival signalng padvways can inparr the
cytotonic effects of chemother apy drags both in
vive and i viro (940), and inlubition of

activated kinases can potentite cytotoxic dmg
cell kall {40-44).

Cur data document the existence of a
STAT3= PIMI1—= NEEB survival pathway that
15 activated by docetaxel and which mediates
docetaxel resistance.  The linear relationships
among the pathway components were
established by temporal correlations as well as
by blocking experiments using siENAs and
oligenncleotde decoys. Resistance to docetaxel
has previously been ascnbed to  mbulin
mutations (45), as well as to MDE-dependent
effects (45.47) and to linited tissue penetation
(48). Fewer data exist fo mmplicate transient or
aciurad resistance mediated throngh survaval
pathways. A previous report has shown that
stable overexpression of 5TATI] is associated
with docetaxel resistance m prostate cancer cell
lines (49). In addition, genetic inhubition of
EGEE. expression has been shown to sensitize
head-and-neck cancer cells to docetaxel (30).
The mvolvement of PIM kinasss m mdnced
resistance fo cytotoxic dmigs has not been
documented thus far. However, activation of
AKT has often been described (6,51). The PIM
kinases and AKT kinases have been described as
medigting  separate  but  parallel  survival
patlmrays (32). At mmes they also phosphorylate
the same subsrates. Thus the mwolvement of
PIN kimases m induced resistance to cytotoxic
drugs may be anticipated in cells where the
kinase 1s expressed.

The mechamsm through which docetaxel
activates the STAT3>PIMI1-> NF«<B pathway
15 unknown at present. Docetaxel induces an
Increase in reactive oxygen species (ROS), as do
many cytotoxic dmgs (53}, This form of
nmdm.us stress inhibits phosphatase  activity,
leadnz to  an  increase m fyTosine
phosphorylation of multiple proteins (34-36).
Transactvation of receptor-type tyTosine kinases
(such as the EGEE) has been shown m cells
stressed by ROS, amd by cytotoxic agents
mcluding paclitaxel (37-39). Docetaxel can
transactivate the EGFE. and EGFE inhibitors
can act synergistically with faxanes to enhance
cancer cell kall (43.51). However, we continue
to see expression of pSTATS or PIMI protems
following docetaxel eatment of EWFE-2 cells
preqeated wath an EGFE mlubmor (data not
shown). ROS have previcusly been shown to
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activate JAK kinase signaling m some cells
lines, possibly providing & mechanism for STAT
activation as well (60,61). ROS can also activate
STAT proteins without JAK kinase activation
{62). Regandless of the most proximal mediators,
activated STATS 1z a known mediator of ROS-
mduced survival signals. Furthermore STAT
transcnpiion  factors are  known  upsiream
mediators of PIM1 trapscription, at least m

hematopoietic  cells  (63-65). O data
demonsTate  that STAT3 regulates PIMI
expression in prostate cells as well The decoy

smadies establish a lnear relationship between
STATS and PIVI as dowmnstream mediators of
docetaxel survival signals. Since prostate cancer
cell: frequently express activated STAT3 and
PIMI1, this relationship may ocour conshibutrvely
as 1.=.E].l {66-68).

Ow  identification of & dug-induced
signaling pathway leading to WE«B activation 1s
consistent with the known effects of docetaxel
{69-71). While many prostate cancer cell lines
show comstimiive activamon of NFxB
transcriptional complexes, docetaxel can further
mcrease MExB tramn:nptmnal activity (70). Cur
studies ndicate that in RWPE-2 cells, docetaxel
activates NFxB m a PIMI-dependent manmner.
Previous reports have shown that the related
PIM?2 kinase can activate NFxB activity (72),
although altematrve opimions about the PIMI
kinase hawve been presented (73). PIM2 activates
WNF«B actvity through phosphorylation and
activation of the COT/TPL? knase, a kinase
with known IxB kinase-like activity (72).
Clanfication as to whether the PIM]1 kinase acts
thromgh this mechamsm or through another
patlway will require further smdies.

A decrease m NFxB expression or activity
would be predicted to increase docetaxel
mdhiced cell death m both EWPE-2/pLNCX and
EWPE-2ZPIMI cell lines (36), and this was in
fact seen (Fig. 13). However, cells with higher
expression of the PIMI1 lanase wers more
sensitrve to the blockage of NFB fimction (Fig.
13 B). Compared with thewr effects m EWPE-
2pLKCXK  cells, p&3EELA siFNAs were
significantly more effective at potentiating
docetaxelmduced death i EWPE-2FPIMI cells.
P50MNFEB] siFENAs were also more active
agamst cells with high levels of PIMI, but the

effect was of borderline sigmificance. These
data suggest that the pro-survival effect of PIM1
kinaze in docetaxelireated cells likely involves
members of the NF«B transcriptional conplex,
particularly p65FELA.  The observation that
miubiion of NF<B only ]:lartlalh enhances
docetaxelinduced cell death in PIM1 expressing
cells 15 consistent with the ability of the kinase
to protect cells through other mechanisms, as
well a3 the meowmplete knockdown of the targst
protein in BWPE-2 cells. Nevertheless, the
result demonstrates that PIN, hke PIM2 (71,
can mediate NF«B activation. and that PIMI
also reguires NFxB transcnptional activity for
the development of the full dmg-resistance
phenotype.

The survival response mduced by low
concentations of docetaxel 15 remimiscent of the
concept of hormesis. A confroversial body of
literatwre  documents that siressors (ncluding
radiation, gases, toxins, exercise, and others) can

produce  baphasic d-nse -TESponse  CUIVes i
various assay systems (74,7 5§ At low dozes a

protective {lmrmetlcj response 15 genmerated,
while at ligh doses toxicity 15 the result.

Hormesis has been invoked to explam  the
beneficial effects of calorne restriction, exercise,

and wvarnous phytochemucals i disease
prevendon. In many cancer cells lines, cytotoxic
agents also generate a classic biphasic hormetic
dose-response  curve  (76-7E). Figure 7
demonsirates the same ]:lhenumen-:un I our
expenimental systemn. There 15 a 24%; increase n
rezrowth/survival of RWPE-2PDMI  cells
meated with low concentations (0.5-1.0nk) of
docetaxel compared to the survival of intreated
EWPE-2PIMI cells (p=0.001). In confrast,
survival of EWPE-2/INTE1 cells treated simularly
is worse than that of RWFE-2FPIMI cells and
there is no enhancement of survival at low dmg
concentrations. Our data strongly suggest that
the PIM1 kmase participates m cytotoxic -dmg
mduced hormesis. PIMI 15 also mcreased m
response to a wide vanety of cellular stressors -
growth factors, oncogenss, heat, radiation,
toxins, oxidative stress, and hypoxia. Thus one
may posiulate that PIMI 1s a general mediator of
hormesis, or protective stress responses induced
by low level environmental stresses. Recently,

small molecule inhibitors of the PIM kinases
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have been described in vitre and in cell-based based chemotherapy regimen Howewver it will
systems (79-81). Targstmg the PIMVI kmase may be important to deternune if the same maneuver
be a beneficial addinon to adional docetxel will mcrezse normal tssue toxicity as well.
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FOOTNOTES

The work was supparted by Award WEIXWH-(4-1-0087  from the Department of Defense/COMEP
Prostate Cancer Program.

The abbreviations used are: STAT3, signal ansducer and activator of ranscription 3; NEB, muclear
factor kappa B; PBS, phosphate buffered sclution, TBST, ms-bufferad salme Tween-20; 5D5, sodinm

dodecy] sulfate; EDTA ethylenediaminetetraacetic acid.
FIGURE LEGENDS

Fig. 1. Time course of PIMI expression induced by docetaxel EWPE-1 and EWPE-2 cells were treated
with 10nM or 100nM docetaxel for the ndicated time. FIMIand B-ACTIN proteins wers analyzed by

mmmmoblot analysis. One of three sinular blots 1= shown. Ratio® = ratic PIM1I/B-ACTIN from pooled
densitometry data from three separate experiments. P value** = probability of no difference in ratios
(freated vs unfreated cells) by paired T test (n = 3).

Fig. 2 Up-regulation of PIMI mPNA Tanscripaon m BEWPE-1 and EWPE-2 prostate cell lines treated
with docetaxel. Realtime PCE was used to measure PIM1 mBNA . Each value represents the mean (£
5D} of nine pooled measurements produced by three indspendent experiments. Bars show the relative
fold-merease of PIN1 BINA level (normalized to the EINA level of the housekeeping gene cofiln). and
compared to untreated control (0 hours). P values (above error bars) were calculated by T-tests, and
represent the probability of no difference between the test and control vahues.

Fiz. 3. Independence of PIM1 expression and cell cycle amest. (4], DINA histogram analysis of RWPE-2
cells after docetaxel 10nhd or 100nM meatments for 24 hours. “3G17 represents a sub-G1 cell population
with less then 2N DNA content. “G17 and “G27 shows the appearance of cells m GO'1 or G2/ phases of
cell cycle. (B), DImmwmeblet amalysis of eyelin B1, PIMI expression after docetaxel 10 nb (B, left panel)
or 100 oM (B, right panel) reatment at vanous time points.

Fiz. 4. PIMI expression protects EWPE-2 cells from docetaxel mduced cell death. RWPE-2 cells
transfected with pLNCE { = vector) or pLNCEPIMI { = PIMI) constructs were meated with docetaxel
for 24. 48, and 72 hours, then cell viability was deternuned by the MTT assay. Fesults were normalized
to the values for wnmreated cells. Each wvalue represents the mean (£ 5D} of nine measurements poolad
from three independent experiments. P values were determined by T-tests for comparisons between
PI%I1- and vector-mansfected cells treated similarly. (**) represents a p value of =0.01, indicating that
the chance for no difference between PIMI- and vector-ransfected cells was less than one percent.
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Fig. 5. Knockdown of PIM] expression with siBINA sensitizes prostate cells to docetaxelmduced cell
death.  (4). EWPE-2 cells were fransfected with plasmids encodmg contrel siENA or PIVMI siFNA and
treated with 100nM of docetaxel for 6 hours. Expression of PIM1, B-ACTIN protems was analyzed by
Inmmmobloting.  (B), Cell wiability measured with MTT assay after docetaxel meatment for up to 72hrs.
Each value 15 the mean (+ 5D) of nine measurements pooled from dwree mdependent experiments. P
values were determuned by T-tests for comparisons between PIMI siEINA- and contrel siENA-treated
cells.

Fig. & Expression of a denunant-negative (NT81) PIMI protemn sensitizes prostate cells to docetaxel
induced cell death.  (4), RWPE-2 stable pools transfected with vector pLNCX, or pLINCX PIMI or
pLINCE/INTE1 were treated with the indicated concentrations of docetaxel for 24 hours. Cell viability was
measured by MTT assay, and showed the proportion of wable cells in treated cultures c-:umpared with
those in unreated cultures (NC).  Each bar shows the mean (= SD) of nine measurements pooled from
three ndependent experiments. P values were calenlated by T-tests. (%) = p=0.01 and mndicates that the
chance of no difference between trezted and untreated cultures 15 less than one percent (B), Identification
of PIVM1 and NTE1 transgene expression n EWFE-1 and EWPE-2 stable pools was determmed by
Western blot with indicated antibodies. (C). Detection of apeptosis induced by treatment with 100nh
docetaxel for 24 hours m EWPE-1 and RWFE-2 cells trancfected with vector (pLNCX) ; pLNCX/PIMI
or pLNCX/NT21. “Percent Apoptotic Cells” represents the percent cells positive for carboxyfluorescein
caspase, determined by flow cytometery. The basal percent-posifive-cells (preally =3%E) from unfreated
culturss has been submacted from each bar value. Each bar shows the mean (= 5D of nine megsurements
pooled from three independent expenments. P values were caleulated by Ttests. (**) = p=0.01 and
mdicates that the chance of no difference between different cell lines 15 less than one percent.

Fiz. 7. PIMI lanase protects EAWPE-2 prostate cells with proliferative potential from docetaxel
cviotoxicity.  EWPE-ZFIMI (wild-type PIMI) and EWPE-2INTE] cells {dommant-negative PIM1)
were treated with docetaxel for 24hrs. Addiional cultures of the same cells were eated sinularly but
without docetaxel. Cells were then trypsimzed, diluted, replated in fresh medium, and allowed to grow
for 87 days. Culhures were then fived with formaln and stamed with crystal viclet to measure cell
growth. Comparisons of the regrowth of treated cultures were made with similar, untreated cells, but
comparisons were always made between wells with OD.,, values on the linear part of a cell density
standard curve. Each point represents the mean (= SD) of 9-18 measurements pooled fom two
independent experiments. Untreated cell cultires were assigned a relative regrowth value of 1.0,

Fig. & Time course of phosphorylation of STATS and induction of PIMI expression. Inmumoblots of
EWPE-1 cellz (Panel A & B)or BSWPE-2 cells (Panel O & 1) treated with 10 nh {4 and C) or 100 ni (B
and I of docetaxel.

Fig. 8. STAT3 decoy mhibits PIM] expression in prostate FSWFE-2 cells and prevents PIM1 up
regulation mn cells eated with docetaxel. (Panel.d), RWPE-2 cells were ransfected with STAT3 mutant
confrol oligomicleotides or STAT3 decoy oligomucleotides and incubated for 48 howrs. Expression of
PIMI and as the known STATS target gens BCLX: were analvzed by mmmmoblotting.  (Panel B),
EWPE-2 cells were tramsfected with STAT3 mwutant control oligonucleotides or STAT3 decoy
oligonuclectides and neubated for 16 hours. Cells were freated with 100nM of docetaxel for 6 hours,
then Iyzed and analyzed for thewr levels of expression for PIMI, phosphoSTATS and total STAT3.

Fig. 10. Elevated level of PIMI protem enhances WFB activity im EWPE-2 prostate cancer cells. A
pool of EWPE-2 cells stably expressing a NEcB-luciferase reporter plasmud was mfected with
retroviruses encoding a PIMI cDINA. After selection with G418, stable pools were analyzed for
expression of PIVI by mmmumoblotimg (data not shown). EWPE-2NFxB-luciferaze/pLNCX cells and

41




Michael B. Lilly, MD
W81XWH-04-1-0887

EWPE-2WEuB-luciferase PIMI cells were plated and allowed to grow ovemmight. On the next day the
expression of luciferase was measwed and normalized to the pI-::-tE:i.u concentration for each sample. The
normialized activity i PIMI expressing cells was compared to that of vector-ransfected cells. The values
present the mean (+ 5D of the means from five mdepeudeut experiments. The paired T-test was used to

determine statistical significance for the values of lnciferase activity measured in the PIMI expressing
cell line as compared to the vector transfected cells.

Fiz. 11. Expression of a kinase-inactive, dominant-negative PIVIT (NTE1) decreases docetaxelmdneed
activation of NExB. RWPE-2 cells stably expressing a WE«B -luciferase reporter gene were infected with
refrovimises camymg pLNCX vector or pL‘*IC‘-LI*-.IBI consmucts. Pools were selected with G413, and
Tansgene expression was documented by mununebletiing (data not shown). EWPE-2INEFB-
111-:Lfem'se.-'pLHC'_'{ and EWFPE-2/WEB-luciferase™NT81 cells were freated for & hours with indicated
concentrations of docetaxel and luciferase activity was determuned. Each bar represents the mean (£ 5D)
of miplicate determunations one of three sinular experiments. P values were caloulated by T-tests. (%)
mghicates a P value of =001, showmg that the chance of ne difference in Inciferase aivity betwesn
vector and WTE1-ransduced cells 15 less than one percent.

Fig. 12, =s1iFNA ohgomucleotides mhubit expression of p63/FELA and p30/NFEB] protems, and NE:B
anscriptional activity. (4), RWPE-2/NEB-luciferase PIM] cells were transfected with control siFINA,
sIEMNAs targeting pS0NEFEEB] (= =1 p30), or p83/BELA ( = 31 p65). After 48 hours the luciferase acavity
was measwred and compared with that of RWPE-2NF«EB-luciferase pLINCX cells ransfected simularly.
Each bar represents the relative luciferase activity of the vadous cells compared with that of vector-
fransduced cells meated with control sIEMNA.  The values are the mean (= 5D) of six measurements
pockd from two mndependent experiments. (F), Inmmmoblet analysis of NFEBI (top) snd RELA
(bottom) protein expression in cells weated with siEINAs. B-ACTIN expression docnments equal loading
of the lanes.

Fiz. 13 Inlubfion of WFEB activaton by siEINA mcreases docetaxebimduced cell death. (4), EWPE-
2/pLNCX and RWPE-2/PDM1 cells were transfected with the indicated siRNAs and allowed to rest for 24
hours. Docetaxel (10000} was then added for 48 hours. Cell survival was then estimated by MTT assay.
Each bar represents the mean (+ 5D of six measurements pooled from two independent experiments. P
values were caleulated by T-test. and represent companisons betwesn PIMI expressing cells and vector
confrol cells, as well as among cells meated with different types of siENAs. (B), MTT sunaval data from
(panel 4} for docetaxelireated cells are re-presented following normalization of the data to the values for
conirol s1 ENA-treated cells. In this analysis, survival (as 0D, from the MTT assay) of cells transfected
with NEB-targeting siIFNAs i3 shown as a percent of the values for the same cells treated with control
siIFMNA. Each bar presents the mean (£ 5D) of six measurements pooled from two mdependent
expenments. P values were calculated by T-test, and represent the likelthood that there 1s no difference m
the sensitizing effect of the siRNA between vector- and PIMI-transdnced cells.
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Figure 1
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Figure 2
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Figure 4
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Figure 5
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Figure 7
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Figure 2
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Figure 11
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Figure 12
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model; 1/98-12/99
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10/1/06-2/28/07.

PUBLICATIONS IN PEER-REVIEWED JOURNALS

1. Brezovich I, Lilly M, Durant J, Richards D: A practical system for clinical
radiofrequency hyperthermia. Int J Rad Onc Biol Phys 7:423-430, 1981

2. Ng T, Evanochko W, Hiramoto R, Ghanta V, Lilly M, Lawson A Corbett T, Durant J,

Glickson J: 31P-topical NMR spectroscopy of in vivo tumors. Mag Res 49:271-286,
1982.

3. Lilly M, Brezovich I, Chakraborty D, Atkinson W, Durant J, Ingram J, McElvein R:
Hyperthermia with implanted electrodes: in vitro and in vivo correlations. Int J Rad Onc
Biol Phys 9:373-382, 1983.

4. Evanochko W, Ng T, Lilly M, Kumar N, Durant J, Glickson J: In vivo 31P-NMR
studies of the effect of cancer therapy on a murine mammary carcinoma. Proc Natl
Acad Sci USA 80:334-338, 1983.

5. Lilly M, Ng T, Evanochko W, Kumar N, Elgavish G, Durant J, Hiramoto R, Ghanta V,
Glickson J: in vivo 31P-NMR study of hyperthermia tumor treatment. Cancer Res
44:663-638, 1984.

6. Hiramoto R, Ghanta V, Lilly M: Reduction in tumor burden in murine osteosarcoma
by hyperthermia and cyclophosphamide. Cancer Res 44:1405-1408, 1984.

7. Brezovich I, Atkinson W, Lilly M: Local hyperthermia with interstitial techniques.
Cancer Res 44:46752s-4756s, 1984.

8. Lilly M, Brezovich I, Atkinson W: Hyperthermia with thermally self-regulating
ferromagnetic implants. Radiology 154:243-244, 1985.

9. Lilly M, Katholi C, Ng T: Direct relationship between high-energy phosphate content
and blood flow in thermally treated tumors. JNCI 75:885-889, 1985.

10. Lilly M, Omura G: Clinical pharmacology of oral intermediate dose methotrexate
with or without probenecid. Cancer Chemo Pharm 15:220-222, 1985.

60



Michael B. Lilly, MD
W81XWH-04-1-0887

11. Lilly M, Carroll A, Prchal J: Lack of association between glutathione content and
development of thermal tolerance in human fibroblasts. Radiation Res 106:41-46,
1986.

12. Tucker K, Lilly M, Heck L, Rado T: Characterization of a new human diploid
myeloid leukemia cell line (PLB985) with granulocytic and monocytic differentiating
capacity. Blood 70:372-378, 1987.

13. Devlin J, Devlin P, Myambo K, Lilly M, Rado T, Warren K: Isolation and
expression of a cDNA encoding a human granulcyte colony-stimulating factor. J
Leukocyte Biol 41:302-306, 1987.

14. Lilly M, Devlin J, Devlin P, Rado T: Production of granulocyte colony-stimulating
factor by a human melanoma line. Exp Hematol 15:966-971, 1987.

15. Barton J, Parmley R, Butler T, Williamson S, Lilly M, Gualtieri R, Heck L:
Differential staining of neutrophils and monocytes: surface and cytoplasmic iron-binding
proteins. Histochem J 210:147-155, 1988.

16. Csepreghy M, Yielding A, Lilly M, Scott C, Prchal J: Characterization of a new
G6PD variant: G6PD Central City. Am J Hematol 28:61-62, 1988.

17. Lilly M, Kraft A: Leukemia-differentiating activity expressed by the human
melanoma cell line LD1. Leukemia Res 12:213-218, 1988

18. Prchal J, Hauk M, Csepreghy M, LIlly M, Berkow R, Scott C: Two apparent G6PD
variants in normal XY man: G6PD Alabama. Am J Med 84:517-523, 1988.

19. Bailey A, Lilly M, Bertoli L, Ball E: An antibody which inhibits in vitro bone marrow
proliferation in a patient with system lupus erythematosus and aplastic anemia. Arthritis
and Rheumatism 32:901-905, 1989.

20. Kraft A, Williams F, Pettit R, Lilly M: Variable response of human myeloid
leukemia lines and fresh cells to differentiating activity of bryostatin 1. Cancer Res
49:1287-1293, 1989.

21. Everson M, Brown C, Lilly M: IL6 and GM-CSF are candidate growth factors for
chronic myelomonocytic leukemia cells. Blood 74:1472-1476, 1989.

22. Nemunaitis J, Andrews F, Mochizuki D, Lilly M, Singer J: Human marrow stromal
cells: response to IL6 and control of IL6 expression. Blood 74:1693-1699, 1989.

23. Brezovich I, Lilly M, Meredith R, Weppleman B, Brawner W, Henderson R, Salter

M: Hyperthermia of pet animal tumors with self-regulating ferromagnetic thermoseeds.
Intl J Hyperthermia 6:117-130, 1990.

61



Michael B. Lilly, MD
W81XWH-04-1-0887

24. Lilly M, Tompkins C, Brown C, Pettit R, Kraft A: Differentiation and growth
modulation of chronic myelogenous leukemia cells by bryostatin 1. Cancer Res
50:5520-5525, 1990.

25. Lilly M, Brown C, Pettit R, Kraft A: Bryostatin 1: a potential cytotoxic agent for
chronic myelomonocytic leukemia cells. Leukemia 5:282-287, 1991.

26. Andrews D, Lilly M, Tompkins C, Singer J: Sodium vanadate, a tyrosine
phoshpatase inhibitor, affects expression of hematopietic gorwth factors and
extracelular matrix RNAs in SV40-transformed human marrow stromal cells. Exp
Hematol 20:391-400, 1992.

27. Lilly M, Le T, Holland P, Hendrickson S: Expression of the pim-1 kinase is
specifically induced in myeloid cells by growth factors whose receptors are structurally
related. Oncogene 7:727-732, 1992.

28. Takahashi G, Andrews D, Tompkins C, Montgomery R, Lilly M, Singer J, Alderson
M: Effect of granulocyte macrophage colony-stimulating factor (GM-CSF) and
interleukin 3(IL3) on interleukin 8 (IL8) production in neutrophils and monocytes. Blood
81:357-364, 1993.

29. Polostkya A, Zhao C, Lilly M, Kraft A: A critical role for the intracellular domain of
the alpha chain of the GM-CSF receptor in cell cycle transition. Cell Growth & Diff
4:5250531, 1993

30. Polostkya A, Zhao C, Lilly M, Kraft A: Mapping the intracytoplasmic regions of the
alpha granulocyte-macrophage colony-stimulating factor receptor necessary for cell
growth regulation. J Biol Chem 269:14607-14613, 1994

31. Takahashi G, Montgomery B, Stahl W, Crittenden C, Thorning D, Lilly M:
Pentoxifylline inhbits tumor necrosis factor-alpha mediated cytotoxicity and activation of
phospholipase A2 in L929 murine fibrosarcoma cells. Intl J Immunopharm 16:723-736,
1994

32. Sensebe L, Li J, Lilly M, Crittenden C, Herve P, Charbord P, Singer J: Non-
transformed colony-derived stromal cell lines from normal human marrows. I. Growth
requirements, characterization ,and myelopoieisis-supportive ability. Exp Hematol
23:507-513, 1995

33. Asiedu C, Biggs J, Lilly M, Kraft A: Inhibition of leukemic cell growth by the protein

kinase C activator Bryostatin 1 correlates with the dephosphorylation of cyclin-
dependent kinase 2. Cancer Res 55:3716-3720, 1995

62



Michael B. Lilly, MD
W81XWH-04-1-0887

34. Lilly M, Vo K, Lee T, Takahashi G: Bryostatin 1 acts synergistically with interleukin
1 to promote the release of G-CSF and other myeloid cytokines from marrow stromal
cells. Exp Hematol 24:613-621, 1996.

35. Matsuguchi T, Zhao Y, Lilly MB, Kraft AS: The cytoplasmic domain of the
granulocyte-macrophage colony-stimulating factor (GM-CSF) receptor a subunit is
essential for both GM-CSF-mediated growth and differentiation. J Biol Chem
272:17450-17459, 1997.

36. Lilly M, Kraft A: Enforced expression of the 33kd pim-1 kinase enhances factor-
independent growth and inhibits apoptosis in murine myeloid cells. Cancer Res
57:5348-5355, 1997.

37. Matsuguchi T, Lilly MB, Kraft AS: Cytoplasmic domains of the human granulocyte-
macrophage colony-stimulating factor receptor  chain (hf3c) responsible for human
GM-CSF-induced myeloid cell differentiation. J Biol Chem 273:19411-19418, 1998.

38. Frankel A, Lilly M, Kreitman R, Hogge D, Beran M, Freedman MH, Emanuel PD,
McLain C, Hall P, Tagge E, Berger M, Eaves C: Diptheria toxin fused to granulocyte-
macrophage colony-stimulating factor is toxic to blasts from patients with juvenile
myelomonocytic leukemia and chronic myelomonocytic leukemia. Blood 92:4279-4286,
1998.

39. Lilly M, Kiskonen P, Sandholm J, Cooper JJ, Kraft AS: The Pim-1 kinase prevents
apoptosis-associated mitochondrial dysfunction, and supports cytokine-independent
survival of myeloid cells in part through regulation of bcl-2 expression. Oncogene
18:4022-4031, 1999.

40. Lilly M, Zemskova M, Frankel AE, Salo J, Kraft AS: Distinct domains of the human
GM-CSF receptor alpha subunit mediate activation of JAK/STAT signaling and
differentiation. Blood 97:1662-1670, 2001.

41. Wu X, Daniels T, Molinaro C, Lilly MB, Casiano C: Caspase cleavage of the
nuclear autoantigen LEDGF/p75 abrogatres its prosurvival function: implications for
autoimmunity in atopic disorders. Cell Death Differentiation 9:915-924 (2002).

42. Lombano F, Kidder MY, Lilly M, Gollin YG, Block BS: Recurrence of
microangiopathic hemolytic anemia after apparent recovery from the HELLP syndrome:
A case report. J Reprod Med 47:875-877 (2002)

43. Frankel AE, Powell BL, Lilly MB. Diphtheria toxin conjugate therapy of cancer.
Cancer Chemother Biol Response Modif. 2002;20:301-13. Review

44. lonov Y, Le X, Tunquist BJ, Sweetenham J, Sachs T, Ryder J, Johnson T, Lilly

MB, Kraft AS: Nuclear localization of the pim-1 protein kinase is necessary for its
biologic effects. Anticancer Res 23(1A):167-78 (2003).

63



Michael B. Lilly, MD
W81XWH-04-1-0887

45. Yan B, Zemskova M, Holder S, Chin V, Kraft AS, Koskinen PJ, Lilly MB: The PIM-
2 kinase phosphorylates BAD on serine-112 and reverses BAD induced cell death. J
Biol Chem 278:45358-45367 (2003)

46. Aho TLT, Sandholm J, Peltola KJ, Mankonen H, Lilly M, Koskinen PJ: Pim-1
kinase promotes inactivation of the pro-apoptotic Bad protein by phosphorylating it on
the Ser'*? gatekeeper site. FEBS Letters 571:43-49 (2004).

47. Fodor |, Timiryasova T, Denes B, Yoshida J, Ruckle H, Lilly M: Vaccinia virus-
mediated p53 gene therapy of bladder cancer in an orthotopic murine model. J Urology
173, 604-609 (2005).

48. Kim K-T, Baird K, Ahn J-Y, Meltzer P, Lilly M, Small D: Pim-1 is upregulated in
constitutively activating FLT3 mutants and plays a role in FLT3-mediated cell survival.
Blood 105(4), 1759-1767 (2005).

49. Chen WW, Chan DC, Donald C, Lilly MB, Kraft AS. Pim family kinases enhance
tumor growth of prostate cancer cells. Mol Cancer Res. 3:443-51 (2005).

50. Zemskova M, Wechter W, Yoshida J, Ruckle H, Reiter RE, Lilly MB: Gene
expression profiling in R-flurbiprofen-treated prostate cancer: Identification of prostate
stem cell antigen as a flurbiprofen-regulated gene. Biochem Pharmacology 72:1257-
1267 (2006).

51. Holder SL, Zemskova M, Bremner R, Neidigh J, Lilly MB: Identification of specific,
cell-permeable small molecule inhibitor of the PIM1 kinase. Mol Cancer Therapeutics
Mol Cancer Ther. 6:163-72 (2007).

52. Ma J, Arnold HK, Lilly MB, Sears R, Kraft AS: Negative regulation of PIM-1 protein
kinase levels by the B56b subunit of PP2A. Oncogene Feb 12, 2007; [Epub ahead of
print]

53. Hansen JE, Fischer LK, Chan G, Chang SS, Bladwin SW, Aragon RJ, Carter JJ,
Lilly MB, Nishimura RN, Weisbart RH, Reeves ME: Antibody-mediated p53 protein
therapy prevents liver metastatsis in vivo. Cancer Res 67:1769-74 (2007).

54. Holder SL, Lilly MB, Brown ML: Comparative Molecular Field Analysis of
Flavonoid Inhibitors of the PIM-1 Kinase. Bioorg Med Chem (in press, 2007)

55. Zhou J, Pan M, Xie Z, Loh S-L, Bi C, Tai Y-C, Lilly MB, Lim Y-P, Han J-H, Glaser
KB, Albert DH, Davidsen SK, Chen CS: Synergistic antileukemic effects between ABT-
869 and chemotherapy involve downregulation of cell cycle regulated genes and c-Mos-
mediated MAPK pathway. Leukemia (in press, 2007)

64



Michael B. Lilly, MD
W81XWH-04-1-0887

BOOKS AND CHAPTERS:

Singer J, Slack J, Lilly M, Andrews D: Marrow stromal cells: response to cytokines
and control of gene expresssion (in) The Hematopoietic Microenvironment. M. Wicha
and M. Long, eds. Johns Hopkins Press, Baltimore, (1993).

RECENT ABSTRACTS:

Hromas R, Collins S, Bavisotto L, Hagen F, Raskind W, Lilly M, Kaushansky K: HEM-
1, a potential transmembrane protein, is restricted to, yet ubiquitous in, hematopoietic
cells. Blood 75:98a, 1990

Bianco J, Nemunaitis J, Andrews D, Lilly M, Shields A, Singer J: Combined therapy

with pentoxifylline, ciprofloxacin, and prednisone reduces regimen related toxicity and
accelerates engraftment in patients undergoing bone marrow transplantation. Blood

78:237a, 1991.

Lilly M, Sensebe L, Singer J: Characterization of cell-associated granulocyte colony-
stimulating factor in human marrow stromal cells. Blood 78:261a, 1991 (oral
presentation)

Takahasi G, Lilly M, Bianco J, Crittenden C, Singer J: Pentoxifylline inhibits tumor
necrosis factor-alpha cytotoxicity and activation of phospholipase A2 in murine
fibrosarcoma cells. Blood 78:323a, 1991.

Kirshbaum M, Lilly M: Multiple growth factors induce expression of the Bcl-2 protein in
32D murine hematopoietic cells, but differ in their ability to inhibit apotosis. Blood
84:423a, 1994.

Lilly M, Pettit G: Identification of the cephalostatins as potent cytotoxic agents for
myeloid leukemia cells. Blood 86:517a, 1995 (poster presentation)

Lilly M, Kraft A, Rotman E: Enforced expression of the human 33kd Pim-1 kinase
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